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By 
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Major  Department:  Molecular  Genetics  and  Microbiology 

Poxviruses  produce  a  variety  of  proteins  that  modulate  the  host 
immune  response.  The  predicted  product  of  the  rabbitpox  virus  (RPV)  B5R 
gene,  which  exists  in  a  membrane-bound  and  secreted  form,  has  homology  to 
complement  factors  involved  in  regulation  of  inflammation.  This  homology 
suggests  a  mechanism  by  which  the  B5R  protein  might  influence  virus 
virulence.  This  study  was  undertaken  to  determine  if  either  form  of  the  B5R 
protein  contributes  to  virulence  by  affecting  the  host  inflammatory  response. 

xvii 


To  examine  the  overall  contribution  of  the  B5R  protein  to  virulence,  a 
B5R  null  mutant  (RPVAB5R)  was  constructed.  In  cell  culture,  RPVAB5R 
showed  a  cell-line  specific  defect  in  production  of  the  enveloped  forms  of 
virus,  correlating  with  an  inability  to  form  plaques  on  several  normally 
permissive  cells.  In  animal  studies,  RPVAB5R  was  shown  to  be  attenuated 
through  a  mechanism  not  involving  enhancement  of  the  host  inflammatory 
response. 

The  roles  of  the  individual  forms  of  B5R  were  tested  by  construction  of 
mutants  that  solely  produced  either  the  membrane-bound  or  secreted  form  of 
the  protein  but  not  both.  The  membrane  bound  form  was  shown  to  be 
essential  for  virus  growth  in  cell  culture  and  virulence  in  animals.  Mutants 
failing  to  produce  this  form  had  a  phenotype  identical  to  the  null  mutant. 
Mutants  unable  to  produce  the  secreted  form  of  B5R  had  no  measurable  effect 
on  virus  growth  in  cell  culture  or  on  the  pock  color  (morphology)  produced 
on  the  chorioallantoic  membrane  (CAM)  of  chicken  eggs  indicating  that  this 
form  of  the  protein  is  dispensable  in  these  systems. 

This  work  shows  that  although  B5R  has  homology  to  regulators  of 
inflammation  the  role  of  the  protein  in  virulence  is  likely  not  through 
modulation  of  the  host  inflammatory  response.  The  results  strongly  suggest 
that  the  attenuation  observed  in  B5R  null  mutants  results  from  a  defect  in 
production  and  release  of  mature  enveloped  virus  particles,  as  demonstrated 
in  cell  culture.  In  addition,  these  results  demonstrate  it  is  the  membrane- 
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bound  B5R,  not  the  secreted  form  that  is  responsible  for  the  activity  of  this 
protein  in  these  systems. 
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CHAPTER  1 
INTRODUCTION  AND  BACKGROUND 

Introduction 

The  Tao  doesn't  take  sides;  it  gives  birth  to  both  good  and  evil. 
The  Master  doesn't  take  sides;  he  welcomes  both  saints  and  sinners. 

-Lao-tzu,  translated  from  the  Tao  Te  Ching  by  Stephen  Mitchell 

DNA  neither  knozvs  nor  cares.  DNA  just  is.  And  zve  dance  to  its  tune. 
-Richard  Dawkins 

The  vast  majority  of  people  living  in  the  developed  world  today  can 
expect  long  lives  virtually  free  of  serious  threat  from  infectious  diseases.  It  is 
a  tribute  to  mankind's  ingenuity  and  adaptability  that  the  expectations  of  such 
a  life  are  often  taken  for  granted  and,  in  fact,  have  come  to  be  considered  the 
normal  condition.  In  reality,  the  current  balance  in  our  ecological 
relationship  with  microscopic  pathogens  is  a  relatively  recent  aberration  in 
recorded  human  history,  throughout  which  disease  resulting  from  infection 
has  been  a  consistent  fact  of  life  (122).  It  has  only  been  over  the  last  two 
centuries  that  advances  in  vaccination,  simple  sanitation  and,  most  recently, 
the  development  of  antibiotics,  have  significantly  increased  both  the  length 
and  quality  of  life  (191).  While  these  developments  have  reduced  the  threat 
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of  infectious  disease,  the  rapid  evolution  and  adaptability  of  micro-organisms 
makes  it  inevitable  that  we  will  forever  continue  to  see  the  emergence  of 
pathogens,  both  familiar  and  unknown.  If  the  current,  favorable  balance  is  to 
be  maintained  and  improved,  there  must  be  a  continuing  evolution  in  our 
understanding  of  the  abilities  of  pathogenic  organisms  to  cause  disease. 

Although  medical  research  has  resulted  in  tremendous  progress  in  the 
prevention  and  treatment  of  infections  of  both  bacteria  and  viruses,  the 
molecular  mechanisms  underlying  the  ability  of  these  organisms  to  cause 
serious  disease  are  only  beginning  to  be  understood.  While  the  use  of 
antibiotics  has  allowed  the  successful  treatment  of  most  bacterial  infections, 
the  recent  emergence  of  resistant  strains  threatens  to  make  these  compounds 
useless.  Even  more  troublesome  is  the  fact  that  progress  in  the  development 
of  specific,  effective  treatments  for  viral  infections  has  been  both  difficult  and 
slow  with  the  result  that  many  viral  infections  remain  a  significant  health 
threat.  Understanding  both  the  host  response  to  a  viral  infection  as  well  as 
the  mechanisms  by  which  the  virus  is  able  to  persist  and  spread  in  the 
presence  of  such  a  response  would  provide  great  insight  in  the  development 
of  new  treatments  for  virally  induced  diseases. 

While  many  viruses  are  known  to  cause  disease  in  humans,  the 
poxviruses,  although  no  longer  a  significant  health  threat,  offer  an  excellent 
model  system  in  which  to  study  virus  host  interactions.  Within  this  family 
are  found  viruses  that  naturally  infect  a  wide  range  of  animal  species  offering 


researchers  several  animal  models  with  which  to  study  various  aspects  of 
viral  pathogenesis.  Several  of  these  viruses  are  known  to  be  extremely 
virulent  within  their  natural  host,  dramatic  examples  being  variola  major 
virus,  the  causative  agent  of  smallpox  in  humans  and  myxoma  virus  which 
causes  myxomatosis  in  the  European  rabbit  (128).  Infection  with  variola 
major,  which  is  believed  to  have  been  eradicated  from  the  wild,  results  in  a 
severe,  disseminated  infection  and  produces  a  mortality  rate  of  twenty  to 
thirty  percent  (67).  Another  member  of  this  family,  which  causes  a  severe 
infection  in  rabbits,  is  rabbitpox  virus  (RPV),  which  was  first  isolated  during  a 
spontaneous  outbreak  of  infection  in  an  isolated  rabbit  colony  at  the 
Rockefeller  Institute  in  1932  (85,86).  Animals  infected  with  RPV  develop 
lesions  ('pocks')  on  all  parts  of  their  skin,  have  high  fevers  and  often  display 
signs  of  hemorrhage  from  the  nares.  With  regard  to  these  symptoms,  the 
disease  resulting  from  infection  with  RPV  has  many  feature  characteristic  of 
smallpox  in  man,  although  a  significant  difference  is  seen  in  the  mortality 
rates,  which  in  the  case  of  an  RPV  infection  is  about  fifty  to  ninety  percent 
(16).  This  ability  of  RPV  to  cause  a  lethal  infection  combined  with  the  ready 
availability  of  an  animal  model  makes  this  virus  an  attractive  candidate  for 
studying  the  effect  of  specific  poxvirus  genes  on  virulence. 

The  pathogenicities  of  variola  and  RPV  are  an  indication  that  these 
organisms  are  well  adapted  for  survival  in  their  hosts.  Further,  although  the 
infected  host  mounts  an  aggressive  response  to  the  infection,  these  viruses 
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are  able  to  survive  and  thrive  within  the  host  animal  suggesting  that  they 
have  evolved  mechanisms  to  contend  with  or  evade  the  host  immune 
system.  This  is  indeed  the  case.  Recent  work  has  resulted  in  the  discovery  of 
several  poxvirus  proteins  that,  in  vitro,  are  able  to  neutralize  specific  aspects 
of  the  host  immune  system  (36).  Many  of  these  proteins  either  interact 
directly  with  or  have  homology  to  critical  components  of  the  host  immune 
system.  It  is  believed  and  in  some  cases  has  been  demonstrated  that  the 
interactions  of  these  proteins  with  selective  components  of  the  host  immune 
system  are  essential  to  the  ability  of  the  virus  to  evade  the  host  defenses. 
Examples  of  such  proteins  include  a  secreted  inter leuken- 16  receptor  (7,187),  a 
TNF  receptor  (50,97,178,182,204),  a  receptor  for  IFN-gamma  (130,131,194,205),  a 
complement  C4b-binding  protein  (99,110,111)  and  a  serine  protease  inhibitor, 
SPI-2,  also  known  as  crmA  in  cowpox  virus  (CPV)  (142,155,158).  The  crmA 
protein,  one  of  the  most  thoroughly  studied  proteins  of  this  group,  has  been 
shown  to  inhibit  the  interleukin-16  converting  enzyme  (ICE),  in  vitro,  and  to 
be  involved  in  the  inhibition  of  inflammation  in  vivo.  The  study  of  such 
proteins  will  lead  to  a  better  understanding  of  the  immune  response  to  viral 
infections  resulting  in  improved  treatment  for  viral  diseases. 

The  work  contained  in  this  dissertation  focuses  on  the  B5R  protein  of 
RPV.  This  recently  discovered  protein  has  homology  to  both  the 
complement  proteins  factor  H  and  the  C4b  binding  protein  (57,100,119,195). 
These  proteins  prevent  activation  of  the  complement  cascade  and,  as  a 
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consequence,  inhibit  the  elicitation  of  the  host  inflammatory  response.  These 
homologies  suggest  a  mechanism  by  which  B5R  may  act  to  enhance  viral 
virulence  through  inhibition  of  complement  activation  and,  as  a 
consequence,  inhibition  of  inflammation.  Previous  work  on  B5R  in  both 
vaccinia  virus  and  RPV  has  focused  on  the  expression  and  localization  of  the 
B5R  protein  in  virus-infected  tissue  culture  cells  (57,100,119).  These  studies 
showed  that  a  45  Kda  form  of  B5R  is  found  as  a  component  of  extracellular 
enveloped  virus  (EEV),  one  form  of  infectious  virus,  but  not  within 
intracellular  mature  virus  (IMV)  a  progenitor  of  EEV  (57,100,119).  In 
addition,  a  38  KDa  form  of  the  protein,  which  is  derived  from  the  larger  form 
by  processing,  can  be  found  in  the  supernatant  from  infected  cells  (119).  The 
work  presented  in  chapter  three  focuses  on  the  contribution  of  B5R  to  viral 
virulence  and,  in  particular,  its  effect  on  the  inflammatory  response  to  the 
infection.  The  work  presented  in  chapter  four  examines  the  importance  of 
the  individual  forms  of  the  B5R  protein  in  virus  replication  and  virulence. 

For  my  studies,  the  overall  role  of  the  B5R  protein  was  first  examined 
by  construction  of  a  B5R  null  mutant,  RPVAB5R,  which  was  unable  to 
produce  either  form  of  this  protein.  In  agreement  with  what  has  been 
observed  for  similar  mutants  in  vaccinia,  this  mutation  resulted  in  a  specific 
interruption  of  EEV  morphogenesis.  Unlike  what  was  observed  with 
vaccinia,  however,  this  defect  was  observed  to  be  cell-line  dependent 
(119)(this  dissertation).  RPVAB5R  was  also  observed  to  be  severely  attenuated 
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in  animals;  however,  this  attenuation  was  not  found  to  involve  the  host 
inflammatory  response.  Although  the  growth  of  RPVAB5R  was  inhibited  in 
the  animal,  there  was  no  increase  in  the  inflammatory  response  to  RPVAB5R 
when  compared  to  the  response  generated  against  RPV.  In  addition, 
attenuation  of  RPVAB5R  was  not  lessened  under  conditions  in  which  the 
ability  of  the  animal  to  mount  an  inflammatory  response  was  inhibited.  The 
conclusion  drawn  from  this  work  is  that  B5R  has  no  role  in  altering  the  host 
inflammatory  response  and  that  the  attenuation  of  RPVAB5R  results  from 
the  defect  in  morphogenesis  observed  in  cell  culture. 

The  importance  of  the  various  forms  of  the  B5R  protein  was  examined 
by  construction  of  mutants  that  produced  only  membrane-bound  or  only 
secreted  B5R.  In  all  systems  tested,  failure  to  produce  the  membrane-bound 
form  of  B5R  resulted  in  a  phenotype  identical  to  that  observed  with 
RPVAB5R.  In  contrast,  failure  to  produce  the  secreted  form  of  B5R  had  no 
effect  in  cell  culture  or  on  pock  color  on  the  CAM  and  these  mutants  behaved 
in  a  manner  identical  to  RPV.  These  results  indicate  that  membrane  bound 
B5R  protein  is  essential  for  morphogenesis  and  virulence  and  that  the 
secreted  form  of  B5R  has  no  obvious  function  in  cell  culture  or  on  the  CAM. 

Poxvirus  Classification 


The  Poxviridae  are  an  extensive  family  of  large  DNA  viruses.  The 
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members  of  this  family  are  categorized,  based  on  their  host  range,  into  two 
sub-families,  the  Chordopoxviridae,  which  are  viruses  that  infect  vertebrates, 
and  the  Entemopoxviridae,  which  are  viruses  that  infect  insects  (128).  The 
sub-families  are  further  divided  into  several  genera,  and  individual  species  of 
virus  have  historically  been  placed  within  a  genus  based  on  their  shared 
antigenicity  as  well  as  similarities  in  morphology  and  host  range  (67).  More 
recently,  restriction  fragment  length  polymorphism  (RFLP)  analysis,  in 
combination  with  complete  or  partial  sequence  from  individual  viral 
genomes  (79,102),  has  allowed  a  more  precise  means  for  measuring  the 
relatedness  of  individual  viruses.  These  genetic  analyses  have  supported  the 
earlier  taxonomical  assignments. 

Rabbitpox  virus,  the  virus  used  throughout  this  work,  is  a  member  of 
the  Orthopoxvirus  genus,  which  contains  at  least  seventeen  members.  Of  all 
the  poxviruses,  the  most  heavily  studied  members  are  found  within  this 
genus.  This  is  due  in  large  part  to  the  medical  importance  and  usefulness  of 
two  of  its  members,  variola  and  vaccinia  virus.  These  viruses  represent  the 
infectious  agent  and  the  vaccine  agent,  respectively,  of  the  disease  known  as 
smallpox.  RFLP  analyses  has  revealed  extensive  homology  between  the 
viruses  in  this  genus  with  respect  to  the  relative  arrangement  of  restriction 
endonuclease  recognition  sequences  within  the  linear  genome  implying  their 
evolution  from  a  common  ancestor  (60,117).  A  more  detailed  comparison 
using  the  available  DNA  sequence  from  these  viruses  has  revealed  that  RPV 
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is  an  extremely  close  relative  of  vaccinia  virus,  in  particular  the  WR  and 
Copenhagen  strains.  A  comparison  of  about  21.0  kb  of  sequence  from  the  left- 
hand  of  the  viral  genomes  showed  a  degree-of-similarity  of  greater  than 
ninety-nine  percent  throughout  the  entire  region  (24).  These  data  strongly 
suggests  that  RPV  arose  from  adaptation  of  VV(WR)  or  VV(Cop)  or  vice 
versa. 

Poxvirus  Morphology 

Because  of  its  extensive  use  as  a  vaccine,  almost  all  of  what  is  known 
about  the  structure  and  biology  of  the  poxviruses  has  come  from  the  study  of 
vaccinia  virus,  which  is  considered  the  prototypic  poxvirus.  With  regard  to 
the  structure  of  the  virus,  however,  most  if  not  all  of  the  poxviruses  have 
been  observed  to  share  the  same  physical  features.  The  poxviruses  have  the 
distinction  of  being  the  largest  of  the  animal  viruses  (128).  The  virus  consists 
of  a  complex  arrangement  of  lipid,  protein,  carbohydrate  and  DNA.  The 
general  appearance  of  the  virus,  when  observed  by  electron  microscopy  (EM), 
is  that  of  an  oval  or  barrel-shaped  particle  measuring  200  x  300  nanometers  in 
size  (Figure  1A)  (44,215).  Within  the  center  of  thin-sectioned  virions  is  seen 
a  dumbbell-shaped  structure  which  is  referred  to  as  the  nucleoid  of  the  virus 
(215).  This  membrane-bound  structure  contains  the  genomic  DNA  of  the 
virus  in  the  form  of  a  supercoiled,  nucleoprotein  complex  (186).  Electron- 
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dense  masses  of  unknown  function  are  observed  within  the  concavities  of 
the  core.  These  bi  lateral  structures  have  been  named  lateral  bodies,  and  their 
removal  with  non-ionic  detergent  yields  an  oval  core,  suggesting  it  is  the 
lateral  bodies  that  give  the  core  its  characteristic  dumbbell  shape  (56).  The 
core  structure  and  lateral  bodies  of  the  mature  virus  are  surrounded  by  a 
second  outer  membrane  that  gives  the  virus  its  final  characteristic  shape. 
When  the  particles  are  lightly  shadowed  with  gold  particles,  this  outer 
membrane  is  observed  to  be  covered  with  randomly  oriented  structures  called 
surface  tubules  which  are  believed  to  be  composed  of  a  single  58  KDa 
polypeptide  (189).  The  function  of  the  surface  tubules  is  unknown  at  this 
time. 

The  viral  structure  presented  thus  far  represents  the  traditional  view  of 
poxvirus  morphology  which  has  been  based  on  standard  EM  techniques. 
However,  recent  work  using  cryoelectron  microscopy  (CEM)  of  vitrified 
samples  suggests  a  different  structure  (54).  The  newer  work  reports  that  the 
dumbbell  shaped  core,  the  lateral  bodies  and  the  surface  tubules  are  artifacts 
that  result  from  the  use  of  standard  fixation  techniques.  In  particles  viewed 
by  CEM,  the  virion  is  still  seen  as  a  barrel  shaped  particle;  however,  the  core, 
instead  of  being  dumbbell  shaped,  has  the  same  barrel  shape  as  the  rest  of  the 
virion,  and  there  are  no  lateral  bodies  (Figure  IB).  In  addition,  the  ST 
structures  are  absent,  and  the  core  membrane  is  instead  surrounded  by  a 
regularly  striated  palisade. 
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The  general  particle  described  above  has  traditionally  been  called  an 
intracellular  naked  virus  (INV)  particle;  however,  in  recent  literature  it  is 
referred  to  as  an  intracellular  mature  virus  (IMV)  particle.  IMV  particles  are 
fully  infectious  and,  in  fact,  the  majority  of  work  in  the  poxvirus  field  to  date 
has  been  done  using  IMV  purified  from  mechanically  lysed  cells.  Although 
the  exact  number  is  still  unclear,  IMV  particles  contain  between  52  and  100 
proteins,  as  determined  by  two-dimensional  gel  electrophoresis  (61,139). 
Twenty-one  of  these  are  known  to  reside  in  the  core  (139)  including  core 
structural  proteins  and  all  of  the  proteins  necessary  for  early  gene 
transcription.  Biotinylation  of  purified  IMV  particles  has  shown  the 
envelope  to  contain  at  least  ten  prominent  polypeptides  with  molecular 
weights  of  58  kDa,  39  Kda,  35  kDa,  32  kDa,  31  kDa,  24  kDa ,  23  kDa,  22  kDa  and 
14  kda  (83).  Activities  have  been  associated  with  several  of  these  proteins, 
some  of  which  are  described  in  the  section  on  poxvirus  biology. 

In  addition  to  the  IMV  particle  just  described,  two  other  forms  of  virus 
known  as  intracellular  enveloped  virus  (IEV)  and  extracellular  enveloped 
virus  (EEV)  (hereafter  collectively  referred  to  as  the  enveloped  forms  of  the 
virus)  are  also  produced  during  the  infection  (25).  The  three  forms  of  virus 
differ  in  the  total  number  of  envelopes  that  surround  the  viral  core  and  in 
the  case  of  EEV,  by  its  extracellular  location.  As  described  above,  IMV 
particles  have  a  total  of  two  membranes.  IEV  particles,  which  are  seen  within 
the  infected  cell,  are  IMV  that  have  become  wrapped  with  two  additional 
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outer  membranes  resulting  in  a  total  of  four  membranes.  The  final  form  of 
virus,  called  EEV,  is  identical  to  IMV  except  that  it  has  one  additional  outer 
membrane  giving  it  a  total  of  three  membranes.  In  addition,  unlike  IMV  and 
IEV,  EEV  is  located  outside  of  the  unlysed  cell.  The  additional  membranes 
present  in  the  enveloped  virions,  give  these  particles  a  buoyant  density 
different  than  that  of  IMV  allowing  the  separation  of  IMV  from  the 
enveloped  forms  by  centrifugation  of  the  virions  through  an  equilibrium 
CsCl  gradient.  IMV  has  a  density  equal  to  1.27  g/ ml  whereas  the  enveloped 
forms  have  a  density  of  1.23  g/  ml  (144). 

Extensive  biochemical  analysis  has  not  been  performed  on  the 
outermost  membrane  of  IEV  but  it  is  presumably  similar  or  identical  to  that 
of  EEV,  about  which  much  is  known.  The  earliest  analysis  of  the  protein 
composition  of  the  EEV  outer  membrane  showed  that  the  envelope 
contained  ten  proteins  unique  to  EEV,  nine  glycoproteins  and  one  non- 
glycosylated  protein  (144,145).  Five  of  these  proteins  had  molecular  weights 
of  210  kDa,  110,  kDa  89  kDa,  42  kDa,  37  kDa,  and  five  had  molecular  weights  in 
the  range  of  20-23  kDa  .  The  37  kda  protein  was  the  only  non-glycosylated 
protein.  A  more  recent  analysis  using  monoclonal  antibody  precipitation 
showed  that  the  smallest  proteins  are  23-28  kDa  in  size  and,  further,  showed 
that  these  glycoproteins  are  actually  differentially  glycosylated  forms  of  a 
single  protein  specie,  21  kDa  in  size  (147).  In  addition,  this  work  showed  that 
the  220  kda  protein  is  actually  a  complex  of  several  differentially  glycosylated 
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forms  of  the  89  kDa  protein.  Most  recently,  a  previously  undescribed  43-50 
kda  non-glycosylated  protein  has  also  been  reported  as  being  located  in  the 
EEV  envelope  (143).  The  current  model  drawn  from  these  data  is  that  the 
EEV  envelope  contains  four  glycoproteins  having  molecular  weights  of  110 
kDa,  89  kDa,  42  kda,  and  21  kda  and  two  non-glycosylated  proteins  of 
molecular  weights  37  kDa  and  43-50  kda. 

The  Poxvirus  Genome  and  its  Organization 

While  the  specific  size  of  the  genome  varies  between  the  individual 
species  of  poxvirus,  the  general  characteristics  and  structure  are  shared  by  all 
members  of  the  family.  All  poxvirus  genomes  consist  of  a  linear,  double 
stranded  DNA  molecule  ranging  in  size  from  85  million  daltons 
(approximately  129  kbp)  for  parapoxviruses  to  185  million  daltons 
(approximately  280  kbp)  for  fowlpox  virus  (128).   Recently,  the  sequences  of 
the  entire  genomes  of  the  Copenhagen  strain  of  vaccinia  virus  and  the 
Bangladesh-1975  strain  of  variola  major  virus  have  been  determined,  and 
these  viruses  have  genome  sizes  of  191,636  bp  and  186,102  bp,  respectively 
(79,120).  Computer-assisted  sequence  analysis  predicts  that  vaccinia  encodes 
263  potential  proteins  of  65  amino  acids  or  greater  (79).  Similar  analysis  for 
variola  reveals  187  potential  proteins  with  eighty  percent  of  these  having 
significant  homology  to  proteins  encoded  by  vaccinia  virus  (120).  While  the 
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size  of  the  RPV  genome  has  not  yet  been  determined  by  sequence  analysis, 
RFLP  analysis  predicts  a  size  of  118  million  daltons  (approximately  180  kbp) 
(217).  Comparison  of  the  RPV  Hz  zzdlll  restriction  map  with  that  of  vaccinia 
(Copenhagen  strain)  shows  that  the  relative  arrangement  of  the  fragments 
throughout  the  entire  genome  is  identical  between  the  two  viruses 
(24,117,217).  However,  while  the  order  and  size  of  most  of  the  fragments  are 
identical  in  both  genomes,  the  sizes  of  the  terminal  Hz  ndlll  B  and  C 
fragments  differ  between  RPV  and  vaccinia,  indicating  a  difference  between 
the  two  viruses  in  the  coding  capacity  of  the  terminal  regions.  This  difference 
in  coding  capacity  is  likely  to  be  responsible  for  differences  in  the  host  range 
and  virulence  of  vaccinia  and  RPV  since  it  is  believed  that  many  of  the  genes 
within  these  terminal  regions  influence  these  properties. 

The  structure  of  the  vaccinia  virus  genome  is  illustrated  in  Figure  2. 
While  the  majority  of  the  linear  genomic  sequence  is  unique,  the  sequences 
found  in  the  12.0  kbp  left  and  right  terminal  regions  are  nearly  identical  and 
are  inverted  with  respect  to  each  other  (65,74,216).  Within  these  inverted 
repetitions  and  adjacent  to  the  very  ends  of  the  genome  are  located  tandem 
repeats  of  10  x  69  bp,  27  x  70  bp  and  9  x  54  bp  (65,79).  Analysis  of  renaturation 
kinetics  and  sedimentation  analysis  revealed  that  the  two  genomic  DNA 
strands  are  covalently  cross-linked  at  their  ends,  preventing  the  two  strands 
from  separating  (18).  Detailed  sequence  analysis  of  the  terminal  DNA 
suggests  that  the  terminal  104  bp  exist  as  a  single  stranded  loop,  the  sequence 
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of  which  may  be  folded,  using  computer  modeling,  into  an  imperfect 
palindrome  (14,65,79). 

The  poxvirus  genome  may  be  divided  into  three  regions  based  on  the 
absolute  requirement  for  the  genes  found  within  each  of  these  regions.  The 
central  region  contains  genes  essential  for  replication  of  the  virus  in  tissue 
culture,  the  so-called  'house-keeping'  genes  such  as  the  viral  RNA  and  DNA 
polymerases.  The  essential  nature  of  these  genes  is  highlighted  by  the 
sequence  conservation  exhibited  within  this  region  by  the  various  viruses,  a 
feature  that  can  easily  be  demonstrated  by  the  near  perfect  alignment  of  the 
core  region  Hindlll  restriction  maps  of  the  orthopoxviruses  (117).  The 
essential  core  region  extends  from  the  rightmost  end  of  the  HindUlY 
fragment  until  the  rightmost  end  of  the  Hindlll  A  fragment  and  contains 
approximately  one-hundred  open  reading  frames  (79).  The  two  regions 
flanking  either  side  of  the  core  are  referred  to  as  the  non-essential  regions 
and,  as  suggested  by  the  name,  contain  genes  not  essential  for  replication  in 
tissue  culture.  While  not  absolutely  essential  in  tissue  culture,  many  of  the 
genes  located  in  the  non-essential  regions  are  involved  in  determining  host 
range  and  in  determining  the  virulence  of  the  virus  in  animals.  Most  of  the 
major  sequence  variation  observed  between  the  orthopoxviruses  is  found 
within  the  two  non-essential  regions  which  extend  outward  from  the  Hindlll 
F  and  A  fragments  until  the  ends  of  the  genome,  which  are  found  in  the 
H//idIII  B  and  C  fragments  (79). 
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Poxvirus  Biology 

The  Replication  Cycle 

The  replication  cycle  of  the  poxviruses  is  composed  of  a  carefully 
coordinated  series  of  steps  culminating  in  the  release  of  newly  synthesized 
virions.  The  steps  that  make  up  this  cycle,  listed  in  order  of  occurrence,  are 
attachment,  entry,  early  protein  synthesis,  DNA  replication,  intermediate  and 
late  protein  synthesis,  viral  morphogenesis  and  release  of  the  virus  from  the 
infected  cell.  One  complete  cycle  of  replication  is  illustrated  in  Figures  3  and 
4.  Each  process  in  the  cycle  has  been  studied  in  great  detail,  and  a  brief 
discussion  of  each  will  be  given  below. 

Attachment.  The  infectious  process  begins  with  adsorption  of  a  virion 
to  the  surface  of  a  host  cell.  Presumably,  attachment  of  the  virus  to  the  cell  is 
mediated  through  binding  of  one  or  more  viral  attachment  proteins  to 
molecules  on  the  cell  surface  which  serve  as  viral  receptors.  Since 
interactions  of  the  virus  at  the  cell  surface  probably  help  to  determine  host 
range,  the  broad  host  range  of  the  orthopoxviruses  makes  it  likely  that  they 
recognize  more  than  one  cellular  receptor.  As  of  this  date,  no  cellular 
receptor  molecules  have  been  identified.  The  finding  that  vaccinia  produces 
a  growth  factor  that  binds  to  the  epidermal  growth  factor  receptor  (EGFR)  led 
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to  the  suggestion  that  this  protein  might  serve  as  a  receptor  for  the  virus 
(162).  Although  initial  work  seemed  to  support  this  hypothesis,  it  has  since 
been  shown  that  adsorption  of  virus  to  the  cell  and  subsequent  replication  are 
unaffected  by  either  deletion  of  the  viral  growth  factor  or  by  the  use  of  cells 
lacking  the  EGFR,  demonstrating  that  these  molecules  do  not  serve  as  major 
receptors  (35,59,98).  The  most  recent  work  in  this  area  has  shown  that  a 
monoclonal  antibody  produced  against  a  cellular  surface  protein  blocks 
vaccinia  virus  infection;  however,  neither  the  target  nor  the  mechanism  of 
the  anti-viral  properties  of  this  antibody  have  been  identified  (38).  Future 
work  on  this  antibody  may  result  in  the  first  purification  of  a  vaccinia 
receptor. 

The  external  location  of  the  various  virally-encoded  membrane 
proteins  makes  them  logical  candidates  for  virus  attachment  proteins. 
However,  although  the  currently  known  envelope  proteins  of  both  IMV  and 
EEV  have  been  extensively  studied,  none  of  these  proteins  has  been  shown  to 
directly  mediate  virus  attachment.  Of  the  IMV  envelope  proteins,  the  35  kDa, 
32  kDa  and  14  kDa  have  been  the  most  actively  investigated  for  their  ability  to 
mediate  virus  attachment.  The  most  recent  data  available  for  the  35  kDa 
protein  indicate  that  monoclonal  antibodies  directed  against  this  protein  are 
able  to  neutralize  virus  infectivity  by  approximately  seventy  percent; 
however,  further  proof  of  this  proteins  ability  to  mediate  virus  attachment  is 
needed  (83).  The  32  kDa  protein  has  been  reported  to  bind  to  cell  surfaces  in  a 
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manner  that  correlated  with  the  ability  of  vaccinia  to  bind  the  same  cells; 
however,  mutants  lacking  this  protein  were  unaffected  in  their  ability  to 
attach  to  and  replicate  in  tissue  culture  cells  (114,136,162).  Interestingly, 
deletion  of  this  gene  results  in  decreased  viral  gene  expression  in  a  polarized 
cell  culture  system  and  also  results  in  severe  attenuation  of  the  virus  in  mice, 
indicating  that  this  protein  is  important  for  virulence  (162).  The  14  kDa 
protein  is  known  to  be  involved  in  the  fusion  of  the  virus  envelope  with  the 
cell  plasma  membrane  and  it  is  also  involved  in  the  fusion  of  the  plasma 
membrane  of  infected  cells  (51,163,164).  Even  though  this  protein  is 
intimately  involved  with  early  events  in  virus  entry,  antibodies  to  the  14  kDa 
protein  only  block  virus  fusion,  not  binding,  indicating  no  role  for  14  kDa  in 
attachment  (163).  The  above  results  suggest  several  possibilities:  I)  cell 
attachment  is  mediated  by  several  proteins  so  that  deletion  of  a  single  protein 
has  little  effect  on  attachment,  II)  standard  cell  culture  systems  may  not 
accurately  reflect  the  binding  activity  observed  in  animals,  a  possibility 
suggested  by  the  results  with  the  32  kda  protein,  or  III)  the  major  attachment 
protein  has  yet  to  be  found. 

Similar  work  has  been  conducted  on  the  proteins  of  the  EEV  envelope 
again  yielding  no  conclusive  evidence  of  a  major  viral  attachment  molecule. 
A  significant  problem  with  attempting  to  measure  the  binding  activity  of  EEV 
particles  lacking  these  molecules  is  that  deletion  of  the  genes  encoding  these 
proteins  often  results  in  a  failure  to  produce  EEV  particles.  This  EEV-minus 
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phenotype  has  been  demonstrated  for  the  43-50  kDa,  42  kDa,  37  kDa  and  21 
kDa  proteins  of  the  envelope,  making  it  difficult  to  assess  the  effect  of  these 
molecules  on  virus  attachment.  Monoclonal  antibodies  directed  against  the 
42  kDa  protein  have  been  show  to  inhibit  spread  of  EEV  in  cell  culture; 
however,  no  clear  binding  activity  has  been  shown  for  this  protein  (57).  In 
fact,  in  experiments  using  RPV  42  kDa  null  mutants,  which  are  capable  of 
producing  EEV  only  in  certain  cell  lines,  EEV  particles  lacking  the  42  Kda 
protein  bound  cells  with  kinetics  identical  to  those  observed  for  EEV  from 
wild-type  RPV  (Stern,  R.J.,  Unpublished  data).  The  21  kDa  envelope  protein 
has  been  shown  to  be  involved  in  the  release  of  newly  synthesized  EEV 
particles  from  the  cell  surface;  however,  the  importance  of  this  molecule  in 
initial  virus-cell  interactions  is  unclear  (22).  Of  all  the  EEV  proteins,  only  the 
89  kDa  protein,  known  as  the  hemagglutinin  (HA)  protein,  has  been  shown 
to  have  binding  activity.  The  HA  protein  ha  been  shown  to  bind  sialic  acid 
containing  molecules  present  on  the  surface  of  chicken  red  blood  cells. 
However,  deletion  of  this  open  reading  frame  (ORF)  has  no  effect  on  the 
ability  of  virus  to  attach  to  cells  in  culture  or  on  viral  virulence  in  animals. 
In  fact,  the  RPV  strain  commonly  used  for  laboratory  study  is  HA-  due  to  a 
naturally  occurring  mutation  resulting  in  a  frameshift. 

Entry.  The  attachment  phase  of  the  infectious  cycle  is  followed  by  entry 
of  the  virus  into  the  cell,  the  primary  mechanism  of  which  is  still  somewhat 
unclear.  The  earliest  studies  of  this  process  using  EM  and  analysis  of  the 
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effect  of  metabolic  inhibitors  suggested  that  endocytosis  of  the  virus  particle 
was  the  most  common  route  of  entry  (40,41).  However,  later  studies  indicated 
that  entry  occurs  by  direct  fusion  of  the  viral  envelope  with  the  cell  surface 
(10,37).  The  most  recent  work  confirms  that  poxviruses  do  indeed  fuse  with 
the  host  cell  in  a  pH  and  temperature-independent  manner  (51,81,152). 
While  phagocytosed  virus  particles  were  observed  in  these  studies,  particles 
contained  in  phagocytic  vesicles  represented  only  a  small  fraction  of  the  total 
input  virus,  suggesting  a  minor  role  for  this  route  of  entry.  This  work  also 
demonstrated  that  EEV  particles  fuse  with  cell  membrane  at  twice  the  rate  of 
IMV  particles  (51).  In  addition,  fusion  of  EEV  was  unaffected  by  treatment  of 
cells  with  compounds  that  effect  endocytosis,  conditions  which  were  shown 
to  severely  reduce  IMV  fusion,  suggesting  that  the  two  forms  of  virus  may 
enter  the  cell  by  different  methods  (152).  The  significance  and  relevance  of 
these  observations  to  the  disease  process  in  the  animal  remain  to  be 
determined. 

Several  viral  proteins  have  been  shown  to  be  involved  in  virus-cell 
fusion  and  in  cell-cell  fusion.  The  best  characterized  of  these  is  again  the  14 
kDa  fusion  protein  found  on  the  envelope  of  the  IMV  particle  (163,164). 
Monoclonal  antibodies  to  this  protein  have  been  show  to  block  fusion,  but 
not  binding,  of  the  virus  with  the  cell  (51,164).  In  addition,  deletion  analysis 
has  shown  that  the  14  kDa  protein  mediates  fusion  of  infected  cells  at  acid  pH, 
during  the  late  stages  of  the  infection  (81,163,164).  Two  other  proteins  are  also 
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known  to  affect  the  cell-cell  fusion  phenotype,  these  being  the  89  kDa  EEV 
envelope  HA  protein  and  the  SPI-3  protein.  Although  deletion  of  the  HA 
ORF  has  no  effect  on  virus-cell  fusion,  infection  of  cells  with  HA"  virus 
results  in  one  hundred  percent  fusion  of  the  infected  cell,  suggesting  that  one 
of  the  functions  of  the  HA  protein  during  the  infection  is  to  prevent  cell-cell 
fusion.  The  localization  of  the  HA  protein  to  the  envelope  of  EEV  suggests  it 
may  have  a  similar  function  in  virus-cell  fusion.  The  importance  of  this  is 
unclear,  however,  since  HA  viruses  are  as  infectious  as  HA+  viruses. 
Deletion  of  the  SPI-3  ORF  also  results  in  fusion  of  infected  cells, 
demonstrating  some  role  for  SPI-3  in  fusion  activity.  The  intracellular 
location  of  this  protein  suggests  that  it  may  somehow  affects  the  14  kDa 
protein;  however  there  is  no  evidence  for  such  an  activity  and  its  mechanism 
of  action  on  fusion  the  fusion  event  is  unknown. 

Uncoating.  Following  entry  of  the  virus  into  the  cell,  the  virus 
undergoes  a  process  known  as  uncoating  (92,103,153).  This  process,  which  has 
been  studied  both  biochemically  and  by  EM,  has  been  divided  into  two  well- 
defined  stages.  In  the  first  stage,  there  is  a  rapid  degradation  of  some  of  the 
outer  viral  proteins  and  virtually  all  of  the  viral  phospholipid  resulting  in 
structures  that  are  called  sub-viral  cores.  These  cores  appear  similar  to  cores 
observed  by  EM,  and  the  DNA  at  this  stage  remains  resistant  to  degradation  by 
DNase  (103,104).  The  first  stage  of  the  uncoating  process  is  independent  of 
new  protein  synthesis  and  will  occur  in  irradiated  cells,  suggesting  it  is  a 


property  intrinsic  to  the  intact  virion  and /or  pre-existing  factors  within  the 
cell.  Following  a  lag  period  of  about  one  hour,  the  virus  enters  the  second 
stage  of  uncoating  during  which  the  core  is  degraded  and  the  DNA  becomes 
susceptible  to  degradation  by  DNase.  The  lag  period  may  be  shortened  by 
increasing  the  multiplicity  of  infection  or  abolished  by  pre-infection  with  any 
of  the  other  orthopoxviruses.  In  addition,  the  second  stage  is  dependent  on 
viral  protein  synthesis  (153).  Although  it  was  initially  thought  that  a  cellular 
protein  induced  uncoating,  the  recent  development  of  an  in  vitro  system  to 
study  this  process  resulted  in  the  purification  of  a  virally  produced  23  kDa 
protein  that  is  able  to  initiate  uncoating  of  the  viral  cores  (153). 

Early  protein  synthesis.  The  synthesis  of  viral  proteins  can  be  detected 
shortly  after  the  virus  has  entered  the  cell,  even  before  the  second  stage  of 
uncoating  has  taken  place.  Production  of  the  uncoating  protein  has  been 
detected  as  soon  as  20  minutes  after  infection  of  the  cell  (153).  The  production 
of  early  transcripts  is  directed  by  a  DNA-dependent  RNA  polymerase  complex 
present  within  the  infecting  virion  (129).  This  complex,  which  contains  two 
large  and  six  small  virus-encoded  subunits  has  a  molecular  mass  of  around 
500  kDa  and  contains  all  the  activities  necessary  for  randomly  initiated  RNA 
transcription  from  a  single  stranded  DNA  template  (3,129).  This  polymerase 
activity  is  made  specific  for  poxvirus  early  genes  if  one  adds  several  early 
transcription  factors  to  the  polymerase  complex.  One  such  factor  is  the 
product  of  the  H4  ORF,  a  protein  known  as  Rap94  (  94  kDa  RNA  polymerase 
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associated  protein)  (3,105).  The  addition  of  a  second  factor,  composed  of  two 
protein  subunits  and  known  as  the  vaccinia  early  transcription  factor  (VETF), 
to  this  complex  allows  the  polymerase-Rap94  complex  to  utilize  double- 
stranded  DNA  containing  early  promoters.  VETF,  a  heterodimer  made  up  of 
an  82  kDa  protein  and  a  70  kDa  protein,  has  been  shown  to  possess  ATPase 
activity.  In  addition,  purified  VETF  has  been  shown  to  be  a  DNA  binding 
protein  with  specificity  for  sequences  within  the  promoters  of  virus  early 
genes  (219).  The  RNA-polymerase-Rap94-VETF  complex  contains  all  the 
factors  necessary  for  transcription  of  early  genes  from  the  double-stranded 
viral  genome. 

Termination  of  early  gene  transcription  begins  once  the  polymerase 
complex  encounters  the  sequence  UUUUUNU  in  the  newly  created  RNA 
strand  (166).  Actual  cessation  of  transcription  appears  to  occur  randomly 
approximately  50-70  bases  downstream  of  the  termination  signal  and  is 
known  to  be  dependent  on  viral  polymerase,  VETF  and  the  virus  encoded 
capping  enzyme  (166,180).  The  capping  enzyme,  which  consists  of  two  virus 
encoded  proteins  of  97  kDa  and  33  kDa,  is  also  known  to  be  involved  in  the 
capping  of  the  5'  end  of  the  viral  mRNA  (118,129,134,135,181).  Following 
termination,  the  mRNA  3'  ends  are  polyadenylated  by  a  complex  (known  as 
the  poly-A  polymerase)  composed  of  two  viral  proteins  with  molecular 
weights  of  55  kDa  and  33  kda  (75).  The  poly-A  polymerase  seems  to  have  no 
specific  recognition  sequence  since  any  transfected  RNA  is  also 
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polyadenylated  (66).  These  capped  and  polyadenylated  transcripts,  which 
appear  structurally  identical  to  cellular  eukaryotic  transcripts,  are  now 
released  from  the  viral  core  into  the  cytoplasm  of  the  infected  cell  to  direct  the 
translation  of  viral  polypeptides  necessary  for  intermediate  protein  synthesis 
and  DNA  replication. 

Intermediate  protein  synthesis.    Shortly  after  early  protein  synthesis 
and  immediately  after  the  onset  of  DNA  replication,  transcription  from  a 
second  class  of  genes,  known  as  the  intermediate  genes,  begins  (129,209).  This 
class  is  defined  by  genes  that  are  dependent  on  trans-acting  factors  produced 
in  the  cell  shortly  after  infection  (early  proteins)  and  on  DNA  replication  but 
not  on  de  novo  protein  synthesis  following  DNA  replication.  This  is  in 
contrast  to  late  genes  which  are  dependent  on  both  DNA  replication  and  on 
continued  intermediate  protein  synthesis  following  DNA  replication.  In 
addition,  unlike  the  late  genes,  plasmid-borne  intermediate  genes  are 
expressed  prior  to  DNA  replication  in  vaccinia  virus  infected  cells  that  have 
been  treated  with  inhibitors  of  DNA  replication,  demonstrating  that  all  of  the 
factors  necessary  for  intermediate  gene  transcription  are  present  prior  to  DNA 
replication.  Currently,  five  intermediate  genes  (AIL,  A2L,  GK1, 18  and  13) 
have  been  identified,  three  of  these  (AIL,  A2L,  GK1)  being  late  transcription 
factors  (108,209).  No  consensus  promoter  sequence  for  intermediate  genes  has 
yet  been  identified;  however,  the  factors  required  for  intermediate 
transcription  are  known  (207,208).  These  are  the  viral  RNA  polymerase,  the 
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capping  enzyme,  which  in  this  capacity  has  a  role  additional  to  its  role  in 
capping  mRNA  (207),  and  two  proteins  known  as  virus  intermediate 
transcription  factor  (VITF)-l  and  V1TF-2  (168).  VITF-1  has  been  shown  to  be 
the  35  kDa  rpo30  protein  which  is  coded  for  by  the  vaccinia  E4L  ORF  (4,168). 
Rpo30,  which  has  homology  to  eukaryotic  transcription  elongation  factor  SII 
(TFIIS),  has  also  been  shown  to  be  a  component  of  the  early  RNA  polymerase 
complex  suggesting  a  dual  role  in  transcription  for  this  protein  (4).  VITF-2 
activity,  which  co-purifies  with  a  68  kDa  protein,  has  been  reported  to  be 
cellularly  encoded  since  its  activity  can  be  purified  from  uninfected  cells  (169). 
In  this  regard,  it  is  interesting  that  enucleation  experiments  indicated  a  role 
for  the  cell  nucleus  at  a  late  stage  in  infection  (95,96).  It  has  also  been  shown 
that  in  RK-13  cells,  which  lack  VITF-2  activity,  mutants  in  the  K1L  gene  of 
vaccinia  are  blocked  in  the  intermediate  transcription  stage  of  the  replication 
cycle  (169).  In  vitro  transcription  assays  detected  VITF-2  activity  in  RK-13  cells 
stably  expressing  K1L  indicating  that  the  K1L  protein  can  functionally 
substitute  for  VITF-2.  The  function  of  K1L,  which  has  been  shown  to  contain 
several  ankyrin  repeats,  is  currently  unknown  (169).  Further  studies  should 
reveal  the  nature  of  the  link  between  K1L  and  VrTF-2. 

The  intermediate  transcripts  have  been  characterized  and  are  thought 
to  initiate  within  a  sequence  resembling  a  late  promoter  and  to  have 
heterogeneous  3'  ends  (12).  It  was  initially  been  reported  that  these  mRNAs 
lacked  a  poly  (A)  head  (209);  however,  recent  studies  have  reported  poly  (A) 
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heads  of  up  to  30  bases  on  these  mRNAs  (12).  The  mechanism  of  termination 
of  intermediate  transcription  is  unknown. 

Late  protein  synthesis.    Following  DNA  replication,  which  begins 
approximately  2  hours  post-infection,  and  the  accumulation  of  late 
transcription  factors  produced  from  intermediate  genes,  late  gene 
transcription  begins.  The  late  genes  encode  the  structural  proteins  of  the 
virus  particle  along  with  the  proteins  necessary  for  the  proper  assembly  of  the 
virus  particle  (128).  In  addition,  the  proteins  that  comprise  the  early-gene 
transcription  complex  found  within  the  virion  are  produced  late  in  infection. 
Transcription  of  late  genes  requires  a  complex  of  polymerase  and  several  late 
transcription  factors  produced  from  intermediate  genes.  It  is  likely  the 
polymerase  used  for  early  gene  transcription  is  also  used  for  late  gene 
transcription  since  conditionally  lethal  mutations  in  the  polymerase  subunits 
affect  late  gene  transcription  (93).  In  addition  to  the  polymerase  complex, 
several  late  transcription  factors  are  known  to  be  required.  These  include  the 
above  mentioned  30  kDa,  26  kDa  and  17  kDa  proteins  produced  from 
intermediate  genes  (108,209)  and  a  recently  discovered  factor  known  as  P3 
(112). 

Comparison  of  the  sequence  of  several  late  genes  has  revealed  a 
consensus  late  promoter  sequence  consisting  of  two  elements  (66).  The  first 
element,  consisting  of  the  short  sequence  TAAAT  followed  by  an  A  or  a  G,  is 
found  immediately  upstream  of  the  translation  initiating  ATG.  In  fact,  in 
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most  cases,  the  initiating  ATG  forms  the  3'  end  of  the  consensus  sequence 
(TAAATG).  This  sequence  is  conserved  in  nearly  all  late  genes,  suggesting 
some,  as  of  yet  unknown,  important  function.  Any  mutations  within  this 
sequence  abolish  late  transcription  of  the  corresponding  gene.  The  second 
element  is  found  16  to  20  bp  upstream  of  the  initiating  ATG  codon.  This 
element  shows  no  strong  conservation  of  sequence  but  usually  consists  of  a 
stretch  of  five  to  eight  A  or  T  residues  that  are  essential  for  late  gene 
transcription. 

The  mRNA  transcribed  from  late  genes  has  several  unusual  properties. 
The  mRNA  contains  35-50  non-templated  polyadenylate  residues  at  its  5'  end 
that  are  thought  to  result  from  slippage  of  the  RNA  polymerase  within  the 
TAAATG  sequence  (66).  This  model  is  based  on  a  similar  model  in 
bacteriophage  T4  for  which  there  is  considerable  experimental  evidence  (66). 
A  clear  function  for  the  poly-A  head  is  unknown  however  it  has  been 
speculated  that  it  may  act  as  a  ribosome  binding  site  and  increase  the 
efficiency  of  vaccinia  mRNA  translation  (66). 

In  addition  to  the  5'  poly-A  head,  late  mRNAs  also  have  heterogenous 
3'  ends  indicating  that  late  transcription  does  not  terminate  uniformly  as  does 
early  mRNA.  To  date,  no  termination  signals  have  been  recognized  for  late 
mRNA  transcription  and,  in  fact,  late  transcription  can  continue 
uninterrupted  through  several  open  reading  frames  generating  transcripts 
that  are  several  kilobases  in  length.  Since  both  strands  of  DNA  are 
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transcribed,  this  results  in  the  generation  of  a  significant  amount  of  double- 
stranded  RNA  at  late  times  during  infection. 

Replication  of  the  poxvirus  genome.    Based  on  measurements  of  the 
amount  of  accumulated  DNA  that  hybridizes  to  known  quantities  of  filter- 
bound  DNA,  it  has  been  determined  that  replication  of  genomic  DNA  begins 
around  2  hours  post-infection,  concurrent  with  intermediate  gene  expression, 
and  proceeds  for  at  least  ten  hours  (200).  This  replication  occurs  in  the 
cytoplasm  of  the  cell  in  electron-dense  areas  referred  to  as  viral  factories  or 
virosomes.  This  cytoplasmic  location  suggests  that,  as  is  the  case  with  the 
transcriptional  apparatus,  the  virus  must  provide  most  if  not  all  of  the 
enzymes  necessary  for  genomic  replication.  Experiments  using  enucleated 
cells  indicate  that,  indeed,  the  virus  provides  all  the  necessary  replication 
machinery  (154). 

Although  many  of  the  details  surrounding  poxvirus  DNA  replication 
remain  unclear,  the  available  data  has  resulted  in  a  well  accepted  working 
model  which  is  illustrated  in  Figure  4  (132,200).  This  model  is  based  on  the 
known  structure  of  the  genomic  termini  as  well  as  on  analysis  of  genome 
intermediates  observed  during  DNA  replication  (132).  As  previously 
described,  the  termini  of  the  poxvirus  genome  consist  of  a  single-stranded 
DNA  containing  an  imperfect  palindromic  sequence.  When  the  two  halves 
of  this  sequence  are  maximally  aligned,  several  mismatched  bases  are  seen.  It 
is  within  this  hairpin  region  that  replication  is  thought  to  initiate. 


Figure  4.  Model  for  replication  of  the  poxvirus  genome.  Self-complimentary 
sequences  within  the  inverted  terminal  repeats  are  depicted  in  upper  and 
lower  case  letters.  (A,  a',  B,  b',  C,  c').  The  initial  nicking  site  is  denoted  by  the 
"X".  Newly  synthesized  DNA  is  depicted  by  dotted  lines.  (Adapted  from 
Traktman  (200)). 
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Replication  begins  with  a  single-stranded  nick  being  made  within  the 
hairpin  structure.  Nicking  likely  occurs  at  either  or  both  ends  of  the  genome, 
but  for  ease  of  discussion,  it  will  be  assumed  here  that  only  one  nick  per 
genome  is  made.  The  presence  of  this  nick  has  been  identified  by  the  nicked 
DNA's  altered  mobility  and  sedimentation  properties  (157).  The  necessity  of 
sequence  specificity  is  argued  against  by  the  fact  that  any  DNA  transfected  into 
poxvirus  infected  cells  is  replicated  (46).  This  initiating  event  results  in  a  free 
3'-hydroxy  terminus  which  can  now  be  used  by  the  polymerase  as  a  primer. 
Elongation  of  this  strand  displaces  the  complementary  strand  and  uses  it  as  a 
template.  This  model  is  supported  by  data  showing  that  radiolabeled 
nucleotides  are  first  incorporated  into  sequences  from  the  end  of  the  virus 
genome  (156).  The  resulting  molecule  is  a  longer-than-genome-length 
hairpin  with  palindromes  on  either  end.  The  newly  synthesized  end,  being  a 
palindrome,  can  fold  back  on  itself,  and  continued  extension  of  this  strand 
results  in  copying  of  the  entire  genome.  The  majority  of  evidence  to  date 
indicates  that  elongation  occurs  by  unidirectional,  leading  strand  synthesis 
(200).  The  product  of  this  event  is  a  molecule  in  which  two  complete 
genomes  are  joined  by  their  right-hand  ends  in  a  tail-tail  arrangement. 
Continued  elongation  yields  a  concatemeric  molecule  with  multiple  genomes 
organized  in  tail-to-tail  and  head-to-head  arrangements.  Concatemers 
consisting  of  up  to  four  genomes  have  been  shown  to  exist  (45,132).  These 
concatemeric  molecules  are  then  resolved  into  unit  length  genomes  through 


a  process  known  as  telomere  resolution.  This  process  requires  a  pair  of 
sequences  known  as  the  telomere  resolution  targets,  which  are  present  in  the 
junction  fragments,  as  well  as  an  activity  referred  to  as  a  resolvase  (192).  The 
importance  of  the  telomere  resolution  targets  has  been  demonstrated  by 
experiments  showing  that  plasmids  containing  this  sequence  within  cloned 
junction  fragments  are  resolved  into  linear  molecules  with  plasmid  DNA  in 
the  center  and  viral  hairpin  at  the  ends  (47,48). 

Several  of  the  proteins  involved  in  replication  of  the  poxvirus  genome 
have  been  purified  including  a  DNA  dependent  DNA  polymerase,  a 
topoisomerase,  a  DNA  ligase,  a  thymidine  kinase  and  several  DNA  binding 
proteins  of  unknown  function  (200).  The  polymerase  is  found  as  a  monomer 
of  110  kda  and  possesses  both  polymerase  and  3'-5'  exonuclease  activity 
(66,200).  Although  the  polymerase  shares  homology  with  several  eukaryotic 
polymerases,  its  activity  cannot  be  replaced  by  the  cellular  polymerase,  and  it 
has  been  shown  to  be  essential  for  virus  replication. 

Virus  morphogenesis.    Although  vaccinia  virus  was  one  of  the  first 
objects  to  be  viewed  by  EM,  the  molecular  mechanisms  responsible  for  the 
assembly  and  release  of  the  intact  virion  remain  obscure.  Most  of  what  is 
currently  known  about  viral  morphogenesis  is  largely  descriptive 
information  based  on  the  effects  of  mutations  and  inhibitors  of  virus 
replication  on  virus  morphogenesis,  as  determined  by  EM.  Nevertheless,  a 
model  for  the  pathway  of  virion  assembly  has  been  constructed. 
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Assembly  of  the  mature  virus  begins  in  granular,  electron-dense 
structures  called  viral  factories  that  can  be  observed  in  the  cytoplasm  starting 
about  4  hours  post-infection  (185).  Staining  of  thin  sections  of  infected  cells 
with  DNA-specific  indicators  reveals  large  quantities  of  DNA  present  in  what 
has  been  called  the  "viroplasm"  within  these  factories.  The  first  indication  of 
assembling  virus  is  the  appearance  within  the  viral  factory  of  crescent-shaped 
membranous  structures  that  will  eventually  form  the  envelope  of  the  IMV 
particle  (42).  It  has  long  been  thought  that  these  membranes  are  not  obtained 
from  a  cellular  organelle  but  instead  are  synthesized  de  novo  by  the  virus 
since  they  have  never  been  observed  to  be  continuous  with  cellular 
organelles.  This  hypothesis  seemed  to  be  supported  by  chemical  analysis  of 
these  membranes  which  indicated  that  their  phospholipid  composition  was 
vastly  different  than  that  of  cellular  membranes  (188).  However,  recent 
studies  using  CEM  showed  that  the  envelope  membrane  is,  in  fact, 
continuous  with  cellular,  membranous  structures  (185).  Through  the  use  of 
labeled  antibodies  specific  for  proteins  which  localize  to  several  subcellular 
compartments,  it  has  been  determined  that  the  envelope  membrane  is 
derived  from  the  intermediate  compartment  between  the  ER  and  the  golgi 
stacks.   In  addition,  these  studies  showed  that  the  crescent  shaped  structures 
and  IMV  envelope  are  actually  composed  of  two  closely  apposed  membranes. 
These  data  support  the  hypothesis  that  the  envelope  results  from  wrapping  of 
the  core  with  cisternae  derived  from  a  golgi-ER  intermediate  compartment. 
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The  crescents  observed  in  the  viral  factories  are  covered  with  a  layer  of 
spicules  formed  from  a  single  polypeptide  of  65  kDa  of  unknown  function 
(62).  The  crescents  assemble  around  viroplasm  into  spherical,  immature 
particles  containing  a  dense  granular  center.  Interestingly,  although  virions 
are  formed  late  in  infection,  empty  immature  particles  are  formed  in  the 
presence  of  inhibitors  of  DNA  replication,  indicating  that  viral  proteins 
required  for  particle  formation  are  produced  early.  Following  production  of 
the  immature  particle,  the  viroplasm  contained  within  condenses  by 
unknown  mechanisms  into  a  DNA-containing  core  structure,  resulting  in  an 
infectious  intracellular  mature  virus  particle.  During  this  transformation, 
the  spicules  are  replaced  by  the  tubule  structures  which  are  composed  of  a  58 
kDa  protein  (189). 

As  previously  described,  while  IMV  particles  are  fully  infectious,  a 
small  percentage  become  wrapped  with  additional  envelopes  and  are 
transported  out  of  the  cell  resulting  in  extracellular  enveloped  virus.  The 
origin  of  the  EEV  envelope  has  been  a  subject  of  some  controversy.  Although 
both  golgi  and  early-endosomal  network  membranes  have  been  postulated  to 
be  the  source,  the  most  recent  study  using  antibodies  to  proteins  specific  for 
intracellular  compartments  indicates  that  the  envelope  is  derived  from  the 
trans-golgi  network  (TGN)  (90,176,199).  The  cytoplasmic  IMV  particle  is 
wrapped  by  cisternae  derived  from  the  TGN  resulting  in  the  addition  of  two 
membranes  to  the  particle,  yielding  an  IEV  particle.  This  wrapping  event  has 


been  shown  to  be  dependent  upon  the  presence  of  the  42  kDa,  37  kDa,  32  kDa 
and  the  21  kDa  envelope  proteins  as  well  as  on  the  14  kDa  fusion  protein 
located  in  the  IMV  envelope  (20,55,58,119,143,165,218).  Deletion  of  any  of 
these  genes  has  no  effect  on  IMV  production  but  results  in  the  inability  of 
such  mutants  to  produce  the  enveloped  forms  of  virus  (IEV  and  EEV).  The 
requirement  for  these  enveloped  proteins  in  the  wrapping  process  is 
currently  not  understood  but  it  is  thought  that  some  of  them  may  mediate 
wrapping  by  interacting  with  IMV  surface  proteins.  Interestingly,  the 
compound  Ni-isonicotinoyl-N2-3-methyl-4-chlorobenzoylhydrazine 
(IMCBH)  specifically  inhibits  the  wrapping  of  the  IMV  particle  (89,148). 
While  the  mechanism  of  this  inhibition  is  unknown,  mutations  in  the  37 
kDa  envelope  protein  have  been  shown  to  confer  on  the  virus  resistance  to 
the  inhibitory  effects  of  IMCBH  (177).  In  addition,  inhibition  of  enveloped 
virus  formation  may  also  be  achieved  by  treatment  of  infected  cells  with 
inhibitors  of  glycosylation  or  with  brefeldin  A,  a  fungal  metabolite  that  has 
been  shown  to  inhibit  the  transport  of  proteins  to  post-ER  compartments 
(150,203). 

Once  the  IEV  particle  has  been  formed,  it  moves  to  the  cytoplasmic 
membrane  where  the  outermost  virus  membrane  fuses  with  the  cytoplasmic 
membrane  releasing  the  virion  into  the  cytoplasm.  The  cellular  apparatus 
involved  in  transport  of  the  particle  remain  uncharacterized;  however 
treatment  of  infected  cells  with  cytochalasin  D  blocks  release  but  not 


formation  of  enveloped  virus  suggesting,  a  role  for  microfilaments  in  the 
release  of  the  enveloped  virus  particle  (149).  The  amount  of  EEV  produced 
varies  from  less  than  one  percent  to  around  twenty-five  percent  of  the  total 
virus  yield,  depending  on  the  virus  and  cell  line  used  (145).  This  variation 
suggests  some  role  for  as  of  yet  unidentified  cell  components  in  enveloped 
virus  release.  The  21  kda  envelope  protein  is  the  only  EEV  protein  that  has 
been  implicated  in  modulating  the  amount  of  virus  released  from  the 
infected  cell.  A  single  amino  acid  change  in  the  lectin  homology  domain  of 
this  protein  has  been  shown  to  alter  the  amount  of  virus  released  by  a  factor 
of  ten  however,  the  cellular  target  of  this  protein  is  unknown  (22). 

Some  Musings  on  the  Significance  of  Enveloped  Virus 

Since  the  IMV  particle  produced  in  the  infected  cell  is  completely  self- 
sufficient  in  its  ability  to  initiate  a  complete  round  of  infection,  it  may  seem 
wasteful  for  the  virus  to  devote  both  energy  and  coding  capacity  to  the 
production  of  enveloped  virus.  However,  since  many  of  the  poxviruses  are 
known  to  produce  EEV,  there  is  likely  some  survival  advantage  in  this  ability 
beyond  the  interest  it  generates  in  scientists  who  then  continue  to  propagate 
the  virus.  One  might  think  that  enveloped  virus  production  is  an  artifact  of 
cell  culture,  however,  enveloped  virions  have  been  observed  in  thin  sections 
of  infected  animal  tissue  (113,151).  Since  the  virus  used  in  this  study,  RPV, 
produces  large  quantities  of  EEV,  it  is  worth  spending  some  time  reviewing 
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current  thought  on  the  significance  of  enveloped  virus  in  cell  culture  and  in 
animal  infections. 

The  enveloped  forms  of  the  virus,  IEV  and  EEV,  are  believed  to  have 
two  distinct  roles  in  dissemination  of  virus  from  the  initial  foci  of  infection 
in  cell  culture.  A  simple  'comet'  assay  has  historically  been  used  to  measure 
the  ability  of  virus  to  spread  from  the  initial  focus  of  infection  (9).  In  this 
assay,  cells  infected  under  conditions  that  yield  well-isolated  plaques  are 
incubated  under  liquid  for  several  days.  Virus  released  from  a  focus  of 
infection  spreads,  relatively  unidirectionally,  through  the  medium  producing 
comet-shaped  areas  of  cell  destruction,  with  the  head  of  the  comet  formed  by 
the  primary  plaque.  There  exists  a  correlation  between  the  amount  of  EEV 
produced  by  a  virus  and  its  ability  to  form  comets,  suggesting  EEV  is 
responsible  for  long-distance  spread  of  virus  (146).  This  has  been  confirmed 
experimentally  since  neutralizing  antibodies  to  EEV,  but  not  IMV,  prevent 
comet  formation  without  affecting  primary  plaque  formation  (9). 

The  observation  that  viruses  can  produce  vastly  differing  amounts  of 
EEV  yet  still  produce  similarly-sized  primary  plaques  led  to  the  hypothesis 
that  another  form  of  the  virus,  IMV  or  IEV,  was  responsible  for  cell-to-cell 
spread  and  subsequent  plaque  formation.  Mutants  that  produce  IMV  but 
which  are  unable  to  form  enveloped  virus  fail  to  plaque  suggesting  that  IMV 
is  not  sufficient  for  efficient  cell-to-cell  spread  (20,165).  This  has  led  to  the 
current  model  in  which  IEV,  which  can  be  observed  attached  to  the  outer 
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surface  of  the  infected  cell  (21),  is  thought  to  be  responsible  for  cell-to-cell 
spread  and  plaque  formation,  although  there  is  no  direct  proof  of  this  as  of 
yet. 

The  importance  of  EEV  in  the  dissemination  of  virus  throughout  the 
infected  animal  has  been  suspected  for  a  long  time  and  is  derived  from 
several  observations  (9,27,146).  Although  the  majority  of  virus  produced  in 
tissue  culture  is  IMV,  it  has  been  shown  that  antiserum  generated  against  live 
rabbitpox  virus  can  neutralize  both  IMV  and  EEV  in  vitro  and  is  able  to 
passively  protect  rabbits  against  lethal  infection  with  rabbitpox  virus  (27).  By 
contrast,  antiserum  to  inactivated  virus  although  neutralizing  for  IMV  in 
vitro  is  non-neutralizing  for  EEV  and  is  unable  to  passively  protect  rabbits 
from  lethal  infection.  In  addition,  the  vast  majority  of  virus  purified  from 
the  blood  of  infected  animals  is  of  the  enveloped  type.  Finally,  mutants 
defective  in  their  ability  to  produce  enveloped  virus  (but  not  IMV)  have  been 
shown  to  be  attenuated  in  animals  (58,143)  (and  this  dissertation).  Taken 
together,  these  results  provide  strong  evidence  that  it  is  the  EEV  particle  that 
is  important  for  successful  spread  and  the  manifestation  of  full  virulence  in 
the  infected  animal. 

Poxvirus  Pathogenesis 

The  severity  of  smallpox  in  man  resulted  in  a  search  for  useful  animal 
models  with  which  to  study  poxviral  pathogenesis.  The  study  of  two  such 
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models,  rabbitpox  virus  in  rabbits  and  mouse-pox  (ectromelia)  virus  in  mice, 
has  led  to  a  greater  understanding  of  poxviral  infections  with  regard  to  the 
disease  progression  and  pathology  of  these  agents  (8,19,85,86).  These  studies 
produced  nearly  identical  results  suggesting  common  themes  in  the  ability  of 
poxviruses  to  cause  disease.  Since  I  have  restricted  my  work  to  the  use  of 
rabbitpox  virus  (RPV),  I  will  concentrate  primarily  on  the  pathogenesis  of  this 
virus. 

The  history  of  RPV  is  an  interesting  story  of  epidemiology  and  the 
emergence  of  new  infectious  agents.  The  virus  was  first  reported  in  1932 
when  its  spontaneous  appearance  resulted  in  a  smallpox-like  epidemic 
within  a  breeding  colony  of  rabbits  housed  at  the  Rockefeller  Institute  for 
Medical  Research  (84).  Within  two  weeks  one-hundred  percent  of  the  colony 
had  been  infected  and  forty-six  percent  had  died.  Subsequent  studies  revealed 
the  etiological  agent  to  be  a  poxvirus  that  was  given  the  name  rabbitpox  virus 
(84).  While  the  exact  origin  of  this  virulent  virus  will  likely  never  be  known, 
records  from  the  time  indicate  that  vaccine  virus  and  a  neurovirulent  strain 
of  vaccinia  were  being  used  to  infect  animals  in  common  areas  of  the 
breeding  facility  (84).  Epidemiological  studies  from  the  time  strongly  suggest 
that  vaccinia  virus  was  the  progenitor  of  RPV,  a  hypothesis  supported  by 
sequence  comparisons  showing  ninety-nine  percent  nucleotide  homology 
between  the  two  viruses  (24). 

The  outbreak  of  such  a  severe  disease  within  a  well  regulated  colony 


resulted  in  excellent  documentation  of  the  symptoms  and  pathology  of  RPV 
infection  (85-87).  Clinically,  the  disease  resembles  smallpox.  Onset  was 
marked  by  malaise  and  fever  in  conjunction  with  enlargement  of  the 
popliteal  and  inguinal  lymph  nodes.  This  was  followed  in  two  to  three  days 
by  the  appearance  of  papules  on  all  parts  of  the  animal  which  eventually 
became  umbilicated  and  necrotic.  These  papules  were  often  associated  with 
extensive  edema.  Upper  respiratory  infection  commonly  occurred  and  was 
accompanied  by  bronchopneumonia  resulting  in  labored  respiration  and 
mouth  breathing.  Many  of  the  animals  also  developed  conjunctivitis  and 
released  mucopurulent  discharges,  often  stained  with  blood,  from  the  nasal 
passages.  Death  from  infection  resulted  within  eight  to  ten  days  in  nearly 
fifty-percent  of  the  cases. 

A  detailed  analysis  of  the  progress  and  course  of  a  poxvirus  infection 
has  also  been  described  for  ectromelia  in  mice,  resulting  in  a  now  classic 
model  that  has  since  been  shown  to  be  valid  for  RPV  as  well  (16,26,214). 
Spread  of  the  virus  through  the  body  is  a  stepwise  invasion  involving  (1)  the 
primary  site  of  infection  (2)  the  regional  lymph  nodes  (3)  the  spleen  and  (4) 
the  lungs,  skin  and  other  remote  organs.  The  route  of  infection  affects  mostly 
the  LD50  and  has  virtually  no  effect  on  the  progress  of  infection  (16). 
Experimentally,  initiation  of  an  ectromelia  infection  is  usually  accomplished 
by  injection  (intradermal  or  footpad)  or  inhalation  of  aerosolized  virus,  both 
of  which  have  been  demonstrated  as  feasible  natural  modes  of  transmission 
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(16,214).  Most  of  the  available  pathological  examinations  have  been 
performed  on  animals  infected  by  the  respiratory  route  (16,85,86).  Following 
inoculation,  there  is  a  lag  or  incubation  period  of  approximately  two  to  three 
days  during  which  time  the  virus  replicates  at  the  local  site  of  infection. 
Initially,  virus  is  only  found  at  the  inoculation  site,  however,  within  36 
hours,  it  can  be  recovered  from  the  regional  lymph  nodes,  having  likely  been 
delivered  there  by  infected  lymphocytes  (16).  Replication  within  the  lymph 
tissue  is  followed  by  a  minor  viremia  immediately  after  which,  on  day  two 
post-infection,  virus  is  detected  in  the  spleen.  In  animals  inoculated 
intradermally,  however,  virus  can  be  detected  simultaneously  in  the  lymph 
nodes  and  the  spleen,  casting  suspicion  on  the  role  of  the  lymph  node  as  an 
intermediate  in  the  spread  of  the  virus  (16).  The  virus  rapidly  achieves  high 
titers  within  the  spleen  resulting  in  a  second  and  massive  viremia  around 
day  three  post  infection.  It  should  be  noted  that  virus  purified  from  blood  is 
associated  with  the  lymphocytic  fraction  suggesting  that  during  viremia,  the 
virus  is  not  free  but  is  instead  cellularly  associated  (16,214).  Concurrent  with 
this  secondary  viremia  and  signaling  the  end  of  the  incubation  period  is  the 
onset  of  fever  which  likely  arises  due  to  the  inability  of  the  spleen  to  clear  the 
growing  load  of  virus  and  the  resulting  systemic  infection  (16).  A  nasal, 
mucopurulent  discharge  also  appears  around  day  three  and  increases  in 
severity  until  around  day  five  post  infection  when  the  animals  become 
infectious  (16,86,214).  The  increased  levels  of  blood-borne  virus  result  in 


delivery  of  this  virus  to  the  remaining  organs  of  the  body,  and  papules  begin 
to  appear  on  the  skin  approximately  five  to  six  days  post  infection.  Death 
from  the  infection  usually  occurs  between  days  six  and  ten  post  infection  and 
is  frequently  preceded  by  a  sharp  drop  in  body  temperature.  If  the  animal 
survives,  the  papules  scab  over  and  clear  around  days  ten  to  twelve  post 
infection,  usually  leaving  behind  scarring. 

Microscopic  analysis  of  the  papules  indicates  that  they  all  originate  as 
vascular  or  perivascular  processes,  which  is  not  surprising  in  view  of  the 
viremic  spread  of  the  virus  through  the  body(85).  Early  in  the  development 
of  the  lesion,  the  epithelial  layer  becomes  swollen,  and  there  is  proliferation 
of  the  cells  of  the  arterial  wall.  This  hyperplasia  is  probably  caused  by  the 
viral  growth  factor,  as  has  been  demonstrated  on  the  chorioallantoic 
membrane  of  embryonated  chicken  eggs  (33).  Cells,  polymorphonuclear 
leukocytes,  monocytes,  and  some  red  blood  cells,  become  grouped  in  a  loose 
collar  formation  around  the  affected  blood  vessel.  As  the  lesion  progresses,  it 
assumes  a  focal  form;  however,  in  a  small  percentage  of  cases  it  becomes 
diffuse,  spreading  laterally  through  the  tissues.  The  diffuse  form  of  the  lesion 
is  more  hemorrhagic  than  the  focal  form  and  results  in  the  sloughing  of  large 
areas  of  tissue.  Within  the  center  of  the  developing  nodule,  the  cells  become 
necrotic  and  disintegrate  so  that  cell  outlines  can  no  longer  be  distinguished. 
The  histological  picture  of  the  nodule  is  now  a  central  area  of  necrosis 
surrounded  by  a  small  area  of  polymorphs  which  itself  is  surrounded  by  a 
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zone  of  mononuclear  cells.  The  mononuclear  cell  zone  and  the  surrounding 
tissues  are  edematous  and  occasionally  hemorrhagic.  Extension  of  the  lesion 
into  deeper  layers  of  the  skin  causes  impairment  of  the  blood  supply  resulting 
in  anemic  necrosis  that  extends  to  the  surface  of  the  animal. 

While  the  obvious  pneumonia  and  labored  breathing  observed  in  the 
late  stages  of  infection  would  lead  one  to  think  death  results  from 
pneumonia,  the  results  from  studies  conducted  on  the  cause  of  death  suggest 
otherwise  (26).  Physiological  studies  of  infected  animals  consistently  showed 
a  severe  drop  in  blood  pressure  and  the  occurrence  of  a  shock-like  state 
immediately  prior  to  death.  This  was  coupled  with  a  dramatic  rise  in  serum 
potassium  concentrations  to  levels  that  have  been  shown  experimentally  to 
be  lethal.  From  these  data  it  has  been  concluded  that  death  results  from 
potassium  intoxication. 

Nonspecific  Host  Responses  to  Infection 

The  host  response  to  the  infection  described  above  consists  first  of  a 
non-specific  immune  response  followed  by  the  development  of  a  specific 
immune  response.  Since  the  majority  of  the  work  in  this  dissertation  is 
concerned  with  the  very  early  response  to  infection,  this  section  will  be 
limited  to  a  discussion  of  the  non-specific  response  (16,85,86,214).  Although 
no  specific  immune  response  can  be  detected  until  around  day  eight  post- 
infection, it  is  known  that  the  non-specific  components  of  the  immune 
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system  are  activated  immediately  following  infection.  This  non-specific 
response  is  composed  of  pyrexia,  interferon  production,  apoptosis  of  infected 
cells,  complement  activation,  as  well  as  recruitment  of  leukocytes  and  NK 
cells  to  the  site  of  infection.  A  brief  discussion  of  each  of  these  is  given  below. 

Interferon.  One  of  the  earliest  responses  to  viral  infection  is  the 
production  of  interferon  at  the  site  of  infection.  The  interferons  (IFN's)  are  a 
family  of  proteins  that  is  divided  into  two  groups,  type  I  and  type  II 
interferons  (174).  The  type  I  interferons  are  induced  in  response  to  viral 
infection  and  include  IFN-alpha  and  IFN-beta  which  are  produced  by 
leukocytes  and  fibroblasts,  respectively.  Type  II  interferon,  called  IFN-gamma 
is  produced  by  antigenic  stimulation  of  T  lymphocytes  and  NK  cells. 
Production  of  interferon  in  poxvirus-infected  cells  is  believed  to  be  due 
mainly  to  the  production  of  dsRNA  late  in  infection  (see  Late  Protein 
Synthesis)  and  results  in  the  establishment  of  an  antiviral  state  in 
neighboring  cells  (77,115). 

The  effects  of  interferon  on  poxvirus  replication  have  been  studied 
both  in  cell-culture  and  in  the  infected  animal  (174).  In  cell  culture,  treatment 
of  cells  with  IFN  prior  to  infection  may  cause  abortion  of  the  poxvirus 
infection;  however,  the  efficiency  of  the  antiviral  state  is  dependent  on  the 
virus  used,  the  cell  type  and  the  concentration  and  the  type  of  IFN  used  (13). 
The  nature  of  the  antiviral  state  has  been  well  studied  and  has  been  shown  to 
result  from  a  block  at  the  level  of  mRNA  translation  in  infected  cells, 
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effectively  blocking  even  the  earliest  steps  in  virus  replication  such  as  particle 
uncoating  (72,123).  The  mechanisms  by  which  interferon  blocks  protein 
production  are  proposed  to  result  from  two  pathways  dependent  upon  the 
action  of  three  interferon-induced  enzymes:  a  2',5'-oligoisoadenylate 
synthetase,  an  RNase,  and  a  67-kDa  protein  kinase  (174).  In  the  first  pathway, 
the  2',5'-oligoisoadenylate  synthetase  catalyzes  the  synthesis,  from  ATP,  of  a 
family  of  oligonucleotides  with  the  general  structure  ppp(A2'p5')nA  (n^2) 
abbreviated  2,5A.  This  molecule  then  activates  an  endonuclease,  known  as 
RNase  L,  which  is  present  in  a  latent  state  within  the  cell.  Once  activated, 
RNase  L  cleaves  both  cellular  and  viral  single-stranded  RNA.  In  the  second 
pathway,  a  67-kDa  protein  known  as  PI  /  eIF-2,  the  production  of  which  is 
induced  by  the  IFN's  (30,116),  is  activated  by  either  double  or  single-stranded 
RNA(116).  Once  activated,  PI/ eIF-2  catalyzes  the  phosphorylation  of  the 
alpha  subunit  of  protein  synthesis  initiation  factor  eIF-2  (175).  The  end  result 
of  this  process  is  inhibition  of  protein  synthesis  at  the  initiation  step  of 
translation. 

Systemically,  IFN-gamma  is  known  to  increase  MHC-I  production  and 
to  activate  natural-killer  (NK)  cells  (see  below)  (1,167).  The  study  of  the  effects 
of  IFN-gamma  on  poxvirus  replication  in  the  animal  has  primarily  involved 
correlating  the  levels  of  IFN's  with  the  severity  of  the  disease,  or  by 
measuring  the  effect  of  injecting  either  IFN  or  inhibitors  of  IFN  (36).  In 
poxvirus  infected  animals,  increased  levels  of  all  IFN's  can  be  detected  in  the 
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serum  as  well  as  in  cells  taken  from  the  peritoneal  cavity  or  from  the  site  of 
inoculation  suggesting  that  IFNs  are  important  in  combating  the  infection 
(71,78,193).  In  support  of  this,  it  was  shown  that  treatment  of  infected  mice 
with  anti-IFN  antisera  resulted  in  a  significant  increase  in  the  amount  of 
virus  recovered  from  these  animals  (101).  In  addition,  administration  of 
alpha  or  beta  IFN  prior  to  infection  has  been  shown  to  decrease  the  severity  of 
the  disease  and  the  mortality  rate  (36).  Finally,  while  athymic  nude  mice 
were  able  to  clear  an  infection  produced  by  vaccinia  recombinants  expressing 
IL-2,  injection  of  similarly  infected  mice  with  anti-IFN  antisera  resulted  in 
one-hundred  percent  mortality  (107).  It  should  be  kept  in  mind  that  the 
result  of  such  studies  are  almost  always  dependent  on  the  host  and  virus 
species  and  on  the  routes  of  inoculation. 

Pyrexia.  Pyrexia,  or  fever,  which  can  be  induced  by  interleuken-1  (IL-1) 
or  by  tumor  necrosis  factor  (TNF),  is  a  general  systemic  response  to  the 
infection  of  a  host  by  a  variety  of  organisms  (50).  The  importance  of  increases 
in  temperature  on  poxvirus  infections  has  been  studied  to  some  degree  in 
both  cell  culture  and  in  the  animal.  The  concept  known  as  "ceiling 
temperature"  was  introduced  in  the  1960's  when  it  was  noticed  that  above 
certain  temperatures,  the  orthopoxviruses  would  not  form  pocks  on  the  CAM 
(17,68).  At  that  time,  it  was  also  determined  that  ceiling  temperatures  could 
be  measured  in  cultured  cells.  The  ceiling  temperature  was  observed  to  vary 
depending  on  the  virus  and  thus  became  useful  as  a  method  to  distinguish 
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body  temperature  have  been  shown  to  effect  the  severity  of  myxomatosis.  In 
addition,  the  susceptibility  of  mice  to  infection  with  ectromelia  was  increased 
100-fold  by  an  18°C  drop  in  their  ambient  temperature  (160).  Together  these 
results  indicate  that  alterations  in  body  temperature  can  effect  viral  disease 
and,  further,  suggest  that  such  alterations  may  play  a  role  in  limiting 
poxvirus  replication  in  the  animal. 

Complement.  The  complement  system  is  an  integral  part  of  the  non- 
specific host  response  to  infection  and  of  the  inflammatory  process  (80,91,133). 
The  system  is  composed  of  twenty  plasma  proteins,  normally  found  in  an 
inactive  state,  as  well  as  many  cell-surface  receptors.  These  receptors  have 
specificity  for  components  of  the  complement  pathway  and  include  several 
regulatory  proteins  which  are  thought  to  prevent  accidental  activation  of  the 
system  on  host  cell  surfaces.  Activation  of  the  complement  system  results  in 
a  cascading  series  of  enzymatic  activations  with  the  final  result  being  the 
formation  of  a  membrane  attack  complex  (MAC)  that  forms  pores  in 
biological  membranes.  The  physiological  consequences  of  complement 
activation  are  opsonization  of  infecting  organisms,  cellular  activation  and 
lysis  of  target  cells  by  MAC  induced  osmotic  swelling. 

The  complement  cascade  can  be  activated  by  different  mechanisms 
involving  two  separate  pathways,  the  classical  pathway  and  the  alternative 
pathway.  Although  these  pathways  differ  in  their  initiation  and  their  early 
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stages,  they  both  result  in  the  formation  of  an  enzyme  called  C5-convertase 
which  is  the  key  enzyme  in  activating  the  formation  of  the  MAC.  The 
classical  pathway  is  dependent  on  target-bound  antibody  for  initiation.  The 
antigen-antibody  complex  is  bound  by  complement  component  CI,  resulting 
in  self-cleavage  and  activation  of  CI .  Activated  CI  catalyzes  the  assembly  of 
C3  convertase  from  components  C2  and  C4.  This  fluid-phase  convertase 
(C4b,2a),  upon  binding  to  a  surface,  then  cleaves  component  C3,  a  fragment  of 
which  remains  associated  with  the  C3  convertase  altering  it  to  a  C5  convertase 
(C4b,2a,3b).  The  cleavage  of  C5  by  the  C5  convertase  leads  to  the  assembly  of 
the  MAC  from  components  C6,  C7,  C8  and  C9.  Insertion  of  the  MAC  into  the 
target  cell  membrane  results  in  osmotic  swelling  and  lysis  of  the  cell.  MAC 
insertion  into  the  membrane  of  enveloped  virions  can  also  allow  access  of 
degradative  enzymes  to  the  interior  of  the  virion  (91). 

The  alternative  pathway  is  initiated  by  the  reaction  of  component  C3 
with  water  resulting  in  C3(H20).  This  molecule  can  bind  complement  factor 
B,  which  is  then  activated  by  factor  D  to  give  C3(H20),Bb  a  fluid  phase  enzyme 
that  acts  as  a  C3  convertase.  This  newly  formed  convertase  produces  a 
metastable  C3b  that  covalently  attaches  to  nearby  surfaces  and  binds  more 
factor  B.  Activation  of  this  surface-bound  C3bB  by  factor  D  yields  a  surface 
bound  C3b  convertase  (C3b,Bb)  that  continues  to  convert  C3  to  C3b  resulting 
in  a  self-amplifying,  activation  loop.  The  addition  of  another  C3b  molecule  to 
the  bound  C3  convertase  produces  C3b,Bb,C3b  which  acts  as  a  C5  convertase, 
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initiating  assembly  of  the  MAC  as  described  above. 

Because  the  action  of  the  MAC  is  non-specific  in  terms  of  the 
membranes  it  will  permeabilize,  and  because  activation  of  the  complement 
system  results  in  numerous  systemic  effects,  activation  of  this  system  is 
tightly  regulated  at  several  points  by  both  serum  and  cell-surface  molecules 
(133,210).  Activation  of  the  classical  pathway  is  regulated  by  inhibition  of  CI 
cleavage  and  by  inhibition  of  C3  convertase  formation.  The  latter  inhibition 
is  mediated  by  the  C4b  binding  protein  (C4b  BP)  and  factor  I  in  the  plasma  as 
well  as  by  decay  accelerating  factor  (DAF)  and  the  C3b  receptor  (CR1)  on  the 
cell-surface.  Factor  I  and  C4b  binding  protein,  together,  catabolize  C4b  and 
promote  the  dissociation  of  the  C3  convertase  (C4b2b).  DAF  and  CR1  inhibit 
C3  convertase  formation  and  promote  the  degradation  of  C4b  and  C3b  by 
factor  I. 

Similar  control  is  exerted  over  the  alternative  pathway  of  activation  by 
the  serum  factors  properdin  (P),  factor  H  (H),  factor  I  (I)  and  the  membrane 
factors  CR1  and  membrane  cofactor  protein  (MCP)  (133,210).  The  C3 
convertase  (C3bBb)  formed  by  the  alternative  pathway  is  unstable  and  rapidly 
dissociates  unless  it  is  bound  by  P  which  stabilizes  the  complex  and  which 
therefore  acts  as  a  positive  regulator.  Factor  H  is  homologous  with  the  C4b 
binding  protein  and  promotes  the  dissociation  of  C3b  and  Bb  and  also 
promotes  the  degradation  of  C3b  by  factor  I,  providing  negative  regulation. 
Whether  C3b  acts  as  binding  site  for  factor  B,  resulting  in  the  amplification 
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determined  by  the  nature  of  the  surface  to  which  C3b  is  bound.  Host 
membranes  contain  CR1  and  MCP  that  promote  binding  of  factor  H  to  C3b 
resulting  in  inhibition  of  the  cascade.  Non-host  surfaces  on  the  other  hand 
lack  these  regulatory  molecules  and  act  as  protected  sites  for  C3b  allowing 
activation  of  the  pathway.  The  protective  nature  of  non-host  surfaces  also 
seems  to  involve  the  carbohydrate  composition  of  the  surface  in  some 
unknown  manner. 

With  the  cloning  and  sequencing  of  the  genes  coding  for  the 
complement  proteins  it  has  become  clear  that  many  of  these  proteins  can  be 
assigned  to  superfamilies  based  on  structural  homologies  (210).  It  is  thought 
that  many  of  these  genes  arose  from  a  common  progenitor  by  gene 
duplication  and  exon  shuffling  and  that  these  duplicated  genes  then  evolved 
in  parallel  maintaining  similar  structures  and  often  similar  functions.  This 
conservation  of  structure  and  function  is  seen  in  the  SCR  superfamily,  the 
members  of  which  contain  repeats  of  a  conserved  sequence  known  as  a  short 
conserved  repeat  (SCR)  element  (94).  This  sequence,  which  is  approximately 
60  amino  acids  in  length,  is  not  strictly  conserved  but  instead  consists  of  non- 
conserved  sequences  flanking  several  conserved  amino  acids  within  the 
element.  Many  of  the  proteins  that  regulate  complement  activation,  such  as 
factor  H,  C4b  binding  protein,  DAF,  and  CR1  are  members  of  the  SCR 
superfamily.  While  the  actual  tertiary  structure  of  these  proteins  varies 
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widely,  they  all  contain  a  variable  number  of  SCR  elements  and  they  all  share 
similar  functions,  namely  preventing  the  stable  formation  of  the  C3 
convertase.  It  is  tempting  to  speculate  that  the  SCR  domain  mediates  binding 
to  the  convertase  components  C4a,  C2a,  C3b  and  Bb,  however,  two  other 
members  of  this  family,  the  IL-2  receptor  and  factor  Xlllb,  a  protein  of  the 
coagulation  pathway,  show  no  such  activity.  Since  all  of  the  members  of  this 
family  do  show  binding  activity,  it  is  likely  that  the  domain  provides  a 
framework  for  a  general  binding  structure,  and  that  the  specificity  of  binding 
is  determined  by  the  variable  residues  located  between  the  strictly  conserved 
core  amino  acids. 

While  complement  activation  results  in  MAC  formation  and  lysis  of 
the  target  cell,  it  also  has  several  other  consequences,  namely  opsonization  of 
foreign  particles  and  activation  of  the  cellular  components  of  the  immune 
system.  Opsonization  utilizing  complement  components  is  accomplished  by 
covalent  attachment  of  factor  I-mediated-degradation  products  of  component 
C3  to  the  foreign  particle  (80).  This  bound  C3  is  recognized  by  C3  receptors  on 
leukocytes  enhancing  phagocytosis  by  these  cells. 

In  addition  to  mediating  MAC  formation  and  opsonization,  the 
proteins  of  the  complement  cascade  are  also  the  source  of  anaphylatoxins, 
which  are  small  biologically  active  peptides  that  affect  the  blood  vessels, 
smooth  muscle  and  blood  leukocytes  (80).  In  vitro  experiments  have  shown 
that  enzymatic  treatment  of  C3,  C4  and  C5  produces  the  anaphylatoxins  C3a, 
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C4a  and  C5a  which,  when  injected  into  animals,  result  in  smooth  muscle 
contraction  and  increased  vascular  permeability.  In  addition  to  these  actions, 
C5a  has  a  dramatic  effect  on  monocytes /macrophages  and  neutrophils,  that  is 
mediated  by  binding  to  specific  cellular  receptors.  Upon  binding  of  C5a  to  its 
receptor,  the  cells  display  increased  oxidative  metabolism,  increased 
adherence  to  surfaces,  polarization  and  directed  migration  towards  the  C5a 
source,  and  in  the  case  of  monocytes/ macrophages,  generation  of  IL-1,  TNF- 
alpha  and  IL-6. 

The  involvement  of  the  complement  pathways  in  poxvirus  infectivity 
and  pathogenesis  has  been  studied  both  in  vitro  and  in  vivo.  Early  in  vitro 
studies  showed  that  antibody-mediated  neutralization  was  greatly  enhanced 
by  a  heat-labile  serum  component  (complement)  (52).  These  studies  have 
been  extended,  and  it  has  since  been  reported  that  complement  can  mediate 
direct  lysis  of  virions  in  addition  to  lysis  of  infected  cells  (28,29,36).  While  it  is 
thought  that  opsonization  of  virus  particles  is  also  important,  this  has  yet  to 
be  demonstrated.  Activation  of  the  alternative  pathway  in  the  absence  of 
antibody  has  been  detected  in  fowlpox  virus  (FPV)-infected  chick  embryo  cells 
and  vaccinia-infected  tumor  cell  lines  (36,137).  This  activation  correlated 
with  increased  killing  of  infected  cells  and  decreased  yields  of  virus  progeny 
suggesting  that  activation  of  this  pathway  may  play  a  role  in  combating 
infection. 

In  vivo,  the  role  of  complement  has  primarily  been  studied  by 
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measuring  complement  levels  in  infected  animals  and  by  examining  the 
result  of  virus  infections  in  complement-depleted  animals  (29,138). 
Measurement  of  the  levels  of  the  products  of  complement  activation  has 
shown  that  the  complement  system  is  active  in  FPV  infected  animals  (106). 
Injection  of  cobra  venom  factor  (CFV)  into  animals  results  in  a  temporary 
depletion  of  circulating  complement  levels.  CFV  treatment  of  chickens  prior 
to  infection  resulted  in  increased  virus  levels  in  primary  lesions  and  a 
decreased  inflammatory  response.  The  mortality  rate  for  these  animals  was 
one-hundred  percent  whereas  it  was  zero  percent  for  untreated  animals. 
Similar  results  have  been  obtained  in  chicken  embryos.  Together,  the  results 
to  date  suggest  that  complement  can  enhance  virus  neutralization  in  vitro 
and  may  play  a  role  in  resistance  to  viral  infection. 

NK  Cells.  Within  the  first  2-3  days  following  infection,  non-specific 
cytolytic  lymphocyte  (CTL)  activity,  attributable  to  natural  killer  (NK)  cells, 
can  be  demonstrated  in  the  infected  animal  (2,36).  NK  cells  are  a  bone 
marrow-derived  subset  of  lymphocytes  found  mainly  in  the  blood  and  in  the 
spleen.  The  cells  appear  as  large  lymphocytes  containing  large  cytoplasmic 
granules  and  are  often  referred  to  as  large  granular  lymphocytes.  The  cytolytic 
activity  displayed  by  NK  cells  is  similar  to  that  of  the  major  histocompatibility 
(MHC)-restricted  CTL  response  in  its  mechanism;  however,  NK  activity  is  not 
restricted  by  MHC  molecules.  Although  this  activity  is  not  specific,  it  is  also 
not  random  in  that  NK  cells  have  the  ability  to  kill  tumor,  but  not  normal, 
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cells  and  will  also  kill  cells  infected  by  some  viruses  but  not  by  others  (2,212). 

Killing  of  target  cells  by  NK  cells  involves  two  steps,  granular  excytosis 
and  secretion  of  a  cell  toxin  (2).  In  the  first  mechanism,  NK  cells  secrete  the 
contents  of  some  of  their  cytoplasmic  granules  in  areas  of  contact  with  target 
cells.  The  consequence  is  the  polymerization  of  a  pore-forming  protein 
known  as  perforin  that  permeabilizes  the  target  cell.  The  second  mechanism 
involves  secretion  of  a  cell  toxin  that  enters  the  cell  through  the  perforin 
pores  and  kills  the  target  cell  by  inducing  it  to  undergo  apoptosis,  also  known 
as  programmed  cell  death. 

The  importance  of  NK  cells  in  combating  poxvirus  infections  has  been 
studied  by  correlating  NK  activity  with  disease  severity  as  well  as  by 
measuring  the  effect  of  NK  cell  depletion  on  virus  replication  (32,101,190). 
NK  cytolytic  activity  in  the  spleen  has  been  shown  to  be  elevated  following 
intraperitoneal  or  intravenous  inoculation  of  mice  with  vaccinia.  In 
addition,  a  strain  of  mice  resistant  to  infection  with  ectromelia  shows  a 
higher  level  of  NK  cell  activity  following  inoculation  with  virus  than  do 
mice  that  are  susceptible  to  infection  (101).  These  data  suggest  that  NK  cell 
activity  has  a  role  in  resistance  to  poxvirus  infection.  Evidence  in  support  of 
this  comes  from  studies  in  which  the  NK  cell  population  is  depleted  through 
the  use  of  antibodies  against  a  prominent  NK  cell  surface  antigen  (32,101). 
Treatment  of  mice  with  anti-NK  antisera  prior  to  infection  with  ectromelia, 
resulted  in  increased  viral  titers  in  the  spleen  and  liver  as  well  as  an  increase 
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in  the  severity  of  the  disease  following  infection.  Finally,  while  certain 
strains  of  mice  are  normally  resistant  to  infection  by  poxviruses,  other  strains 
which  have  been  derived  from  these  mice  and  which  contain  mutations 
associated  with  deficiencies  in  NK  cells  are  able  to  contract  lethal  infections 
(36).  The  above  data  strongly  suggest  a  role  for  NK  cells  in  the  host  response 
to  poxvirus  infections.  Recent  studies  suggest  that  it  is  not  the  cytolytic 
activity  of  the  NK  cells  but  rather  the  production  of  IFN-gamma  by  these  cells 
that  is  crucial  (107).  These  studies  indicate  that  while  NK  cells  are  involved 
in  virus  clearance,  they  are  not  sufficient  to  completely  inhibit  virus  spread. 

Inflammation  Prior  to  the  development  of  a  specific  cellular  immune 
response,  the  host  mounts  a  non-specific  inflammatory  response  consisting  of 
vasodilation,  edema  and  the  appearance  of  inflammatory  cells  at  the  site  of 
infection  (2,43).  The  cellular  component  of  this  response  consists  of 
mononuclear  phagocytes  (monocytes/ macrophages)  and  granulocytes,  the 
latter  primarily  of  the  type  known  as  polymorphonuclear  leukocytes  (PMNs) 
or  neutrophils.  These  cells  engulf  and  degrade  foreign  particles  through  the 
action  of  degradative  enzymes  and  reactive-oxygen  intermediates.  While 
both  PMNs  and  macrophages  are  capable  of  phagocytosing  and  degrading 
foreign  particles,  they  differ  in  that  macrophages,  but  not  PMNs,  are  involved 
in  antigen  presentation  and  the  generation  of  the  late  specific  immune 
response.  Generally  the  PMNs  are  the  first  cells  to  appear,  but  they  are  soon 
followed  by  the  appearance  of  macrophages. 
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The  movement  of  these  professional  phagocytes  from  the  circulation 
to  the  site  of  infection  is  directed  by  numerous  proinflammatory  mediators. 
Some  of  these  mediators  serve  to  increase  the  mobility  and  phagocytic  activity 
of  the  inflammatory  cells  while  others  affect  the  vasculature  near  the 
infection,  causing  vasodilation  and  the  expression  of  cellular  adhesion 
molecules  on  the  vascular  endothelial  cells.  Examples  of  such  mediators  are 
tumor  necrosis  factor  (TNF),  IFN-gamma  and  IL-1  (1,2).  Still  other  mediators 
serve  as  chemoattractants  for  the  migrating  phagocytic  cells,  forming  a 
concentration  gradient  beginning  at  the  site  of  infection.  Examples  of  this 
type  of  mediator  include  IL-8,  monocyte  chemotactic  protein-1  (MCP-1), 
platelet  activating  factor  (PAF),  products  of  the  kinin  system  and  a  product  of 
the  complement  cascade  known  as  C5a  (184).  It  is  likely  that  there  are  many 
more  as-of-yet  undefined  proinflammatory  mediators  and  it  is  also  likely  that 
there  is  significant  overlap  between  the  types  of  mediators  described  above. 

Like  much  of  poxvirus  pathogenesis,  the  exact  role  played  by 
inflammation  in  the  inhibition  and  clearance  of  the  viral  infection  is  unclear. 
Infection  of  mice  with  virulent  strains  of  ectromelia  fails  to  elicit  a  significant 
inflammatory  response  until  7  days  post-infection,  a  time  when  the 
development  of  lesions  is  well  under  way  (8,19).  In  contrast,  inflammation 
has  been  observed  within  24  hours  following  inoculation  of  rabbits,  mice  and 
guinea  pigs  with  vaccinia  virus  or  inoculation  of  rabbits  with  rabbitpox  virus 
(16,19,49,85,127,147,214).  Such  differences  in  the  inflammatory  response  could 
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result  from  differences  in  the  ability  of  the  various  viruses  to  either  elicit  or 
suppress  such  a  response.  Perhaps  the  more  virulent  viruses  are  able 
suppress  inflammation  until  later  in  the  infection.  It  is  also  likely  that  the 
virus  and  host  combination  is  important  in  the  type  of  response  generated. 
In  studies  in  which  an  inflammatory  response  has  been  reported,  the  initial 
cell-type  observed  in  this  response  has  also  varied  between  studies.  This  may 
be  due  to  variation  in  the  inoculum  size,  routes  of  inoculation  as  well  as  the 
above  mentioned  variation  among  the  virus  species. 

Although  inflammatory  cells  may  be  present  at  the  site  of  infection,  the 
role  these  cells  play  in  disease  clearance  or  progression  is  unclear.  In  vitro,  it 
has  been  demonstrated  that  poxviruses  are  taken  up  when  mixed  with 
phagocytic  cells  (11,161,213).  In  addition,  when  the  virus  is  injected 
intravenously  into  mice,  more  than  ninety-percent  is  taken  up  by  hepatic 
littoral  cells  within  a  few  minutes  of  inoculation  (124).  A  point  about  which 
there  is  little  agreement,  however,  is  the  fate  of  the  phagocytosed  virus. 
Results  from  some  of  this  early  work  suggest  that  phagocytosis  results  in 
destruction  of  virus  or  neutralization  of  infectivity  in  animals  (11,52,63). 
However,  workers  performing  similar  studies  have  also  reported  that 
phagocytosis  does  not  inhibit  viral  replication  (15,69,76,161).  It  is  possible  that 
macrophages  and  neutrophils  destroy  some  virus  following  phagocytosis  but 
that  enough  virus  survives  to  replicate.  If  correct,  this  model  would  mean 
that  leukocytes  may  actually  aid  in  enhanced  dissemination  of  the  virus,  an 
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idea  that  is  supported  by  work  showing  that  viable  virus  can  be  recovered 
from  the  leukocytes  of  infected  animals  (36,69,124). 

Recent  studies,  concerned  with  understanding  the  involvement  of  the 
inflammatory  response  in  poxvirus  infections,  have  focused  on  the 
inflammatory  response  generated  following  infection  of  the  11-day-old 
chicken  embryo.  At  this  stage  of  development,  the  embryo  lacks  a  mature  T 
and  B  cell  response  making  the  inflammatory  response  together  with  the 
complement  system  the  only  systems  of  defense.  In  this  regard,  the  CAM 
makes  an  excellent  system  in  which  to  study  the  non-specific  response  of  the 
host  to  a  poxvirus  infection.  Infection  of  the  egg  at  this  time  results  in  the 
formation  of  characteristic  lesions  (pocks)  on  the  chorioallantoic  membrane 
(CAM).  RPV,  cowpox  virus  (CPV)  and  certain  strains  of  vaccinia  produce  red 
pocks  upon  infection  of  the  CAM.  Microscopic  examination  of  these  pocks  at 
3-days  post-infection  reveals  a  region  of  ectodermal  hyperplasia  within  the 
pock  with  edema  of  the  underlying  mesoderm  (68).  The  pocks  are  frequently 
innervated  by  blood  vessels  which  show  extensive  vasodilation.  In  addition, 
necrosis  and  extravasation  of  erythrocytes  are  seen;  however  there  is  a 
noticeable  absence  of  inflammatory  cells  within  the  lesion.  In  contrast  to 
these  red  pocks,  viruses  containing  deletions  of  the  RPV  SPI-2  (CPV  crmA) 
gene  produce  white  pocks  on  the  CAM.  The  SPI-2  protein  has  been  shown  to 
inhibit  an  enzyme  involved  in  the  generation  of  inflammatory  mediators 
(see  below).  These  white  pocks  produced  by  RPVASPI-2  show  the  same  degree 
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of  vasodilation  and  extravasation  as  the  RPV  red-pocks;  however,  in  contrast 
to  the  red  pocks,  the  mesoderm  of  the  white  pocks  is  heavily  infiltrated  by 
leukocytes.  The  hyperplasia  and  severe  impaction  of  heterophils  within  the 
lesion  give  the  pock  its  white  appearance.  Similar  results  have  been  reported 
for  the  naturally  occurring  white-pock  mutants.  The  massive  inflammatory 
response  observed  in  white-pocks  correlated  with  a  decreased  level  of  virus 
from  within  the  pock  suggesting  that  inflammation  plays  a  role  in  virus 
clearance  in  this  system  (142).  However,  even  though  there  was  a  decrease  in 
the  level  of  virus  detected  in  these  primary  lesions,  virus  was  still  able  to 
travel  to  and  infect  internal  organs  of  the  embryo  suggesting  that  the 
inflammatory  response  by  itself  is  not  sufficient  to  clear  the  infection  (36). 
Recent  work  suggests  that  while  inflammation  by  itself  cannot  contain  the 
viral  infection,  it  is  necessary  for  virus  clearance  and  disease  resolution  (202). 
In  this  work,  treatment  of  mice  with  carrageenan,  which  depletes  the 
macrophage  pool,  prior  to  infection  with  ectromelia  in  resulted  increased 
virus  replication.  The  above  results,  taken  together,  suggest  that  a 
combination  of  inflammation  and  other  host  responses  is  necessary  for 
recovery  from  poxvirus  infections. 

Viral  Proteins  that  Modulate  Host  Immune  Responses 

The  success  of  the  poxviruses  as  pathogens  indicates  that  they  have 
evolved  ways  of  evading  or  altering  the  host  immune  response  to  the 
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infection.  Indeed,  some  of  the  most  exciting  work  in  this  field  in  recent  years 
has  been  the  discovery  that  the  poxviruses  produce  several  proteins  that 
either  have  homology  with  or  interact  with  components  of  the  host  immune 
response.  To  date  the  list  includes  a  viral  C4b  binding  protein  (VCBP),  an 
inhibitor  of  the  interleuken-16  converting  enzyme  (crmA),  a  virally  produced 
secreted  interleuken-16  receptor,  secreted  IFN  receptors  (alpha,beta,and 
gamma)  and  a  secreted  TNF  receptor.  Those  proteins  for  which  an  activity 
has  been  described  are  briefly  discussed  below. 

Viral  C4b  binding  protein.  The  major  secreted  35  kda  protein  of 
vaccinia  was  shown  to  be  a  product  of  the  C21L  gene  which  is  located  in  the 
left,  non-essential  region  of  the  genome  (111).  Sequence  analysis  of  this  gene 
revealed  four  SCR  elements  covering  the  length  of  the  protein,  making  it  a 
member  of  the  SCR  superfamily.    Database  searches  using  this  protein 
showed  that  it  shares  thirty-eight  percent  identity  with  the  complement  C4b 
binding  protein  resulting  in  the  viral  protein  being  named  the  viral  C4b 
binding  protein  (VC4bBP).  Subsequent  studies  have  shown  that  purified 
VC4bBP  can  bind  to  C4b  preventing  stability  of  the  C3  convertase  and 
therefore  inhibiting  the  complement  cascade  (110).  VC4bBP  was  also  shown 
to  prevent  antibody-dependent  complement-enhanced  neutralization  of 
infectivity  in  a  manner  independent  of  complement  C4b  (99). 

The  importance  of  this  protein  during  infection  was  demonstrated 
using  mutants  lacking  the  VC4bBP  ORF.  The  mortality  rate  caused  by  a 
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VC4bBP  null  mutant  following  intracranial  injection  was  decreased 
dramatically  when  compared  to  that  of  wild  type  virus.  In  addition,  lesions 
produced  by  this  mutant  following  intradermal  injection  of  rabbits  were 
smaller  and  healed  more  rapidly  than  those  produced  by  wild  type  virus. 
Together,  these  results  indicate  that  inactivation  of  the  complement  system  is 
important  for  successful  virus  replication  in  these  systems  (36,99,110). 

The  crmA/Spi-2  protein.  Evidence  that  the  poxviruses  could  modulate 
the  immune  response  began  to  mount  when  it  was  realized  that  CPV  white- 
pock  mutants  had  lost  the  ability  to  inhibit  the  inflammatory  response  on  the 
CAM.  Further  study  narrowed  the  mutations  to  a  single  gene  in  the  right, 
non-essential  region  of  the  virus  that  was  given  the  name  crmA  (cytokine 
response  modifier  A)  (155).  Homologs  have  since  been  found  in  both  VV  and 
RPV,  although  crmA  isolated  from  CPV  remains  the  most  well  characterized. 
The  product  of  the  crmA  gene  is  a  38  kDa  cytoplasmic  protein  that  has  around 
thirty  percent  identity  with  members  of  the  serine  protease  inhibitor 
superfamily  which  includes  antithrombin  and  plasminogen  activator 
inhibitor-2  (PAI-2)  (36,155).  Biochemical  analysis  has  shown  that  the  crmA 
protein  is  able  to  inhibit  the  interleuken-lG  converting  enzyme  (ICE)  which  is 
responsible  for  the  production  of  IL-16  from  pro-interleuken-16  (158).  The 
failure  of  crmA  mutants  to  inhibit  inflammation  most  likely  arises  from  the 
failure  to  inhibit  IL-1  production  since  IL-1  produced  by  macrophages  is 
known  induce  neutrophilia  (50).  ICE  has  also  recently  been  implicated  as  part 
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of  the  apoptotic  pathway,  and  it  has  been  shown  that  crmA  can  inhibit 
cytokine-induced  apoptosis  (197).  Since  cytotoxic-T  cell  killing  is  mediated 
through  apoptosis,  inhibition  of  cell  death  by  crmA  suggests  another 
mechanism  by  which  the  virus  can  alter  the  immune  response. 

The  importance  of  crmA  in  altering  the  host  response  has  been  well 
characterized  in  the  chicken  embryo  where  deletion  of  this  gene  results  in 
heterophilia  of  the  primary  lesions  (70).  Interestingly,  intranasal  infection  of 
mice  with  viruses  lacking  crmA  yield  a  mortality  rate  identical  to  that  of  wild 
type  virus.  Finally,  while  RPV  mutants  of  crmA  still  produce  a  severe  disease 
in  rabbits  following  intradermal  infection,  the  mortality  rate  is  zero  compared 
with  fifty  to  seventy-five  percent  for  wild  type  RPV  (R.Stern,  M.  Brooks, 
Unpublished  data).  These  differences  in  effect  might  be  attributable  to  species 
specificity  or  to  differences  in  routes  of  inoculation. 

Interleukin-113  binding  protein.  Sequence  analysis  of  DNA  from  the 
right,  non-essential  region  of  vaccinia  (WR)  revealed  that  the  predicted 
protein  product  of  the  B15R  gene  is  a  member  of  the  immunoglobulin 
superfamily  and  shares  homology  with  the  binding  domains  of  the  human 
and  murine  IL-1  receptors  (183).  This  homology  suggested  that  the  viral 
protein  may  bind  IL-1,  a  hypothesis  that  was  shown  to  be  correct  when  IL-1 
binding  activity  found  in  the  supernatants  of  vaccinia  infected  cells  was 
abolished  by  deletion  of  the  B15R  ORF  (187).  The  cloned  B15R  gene  produces 
a  glycoprotein  of  40  kDa  that  has  specificity  for  IL-16  but  not  IL-la,  and  which 


is  able  to  compete  with  the  natural  IL-1  receptor  for  binding  of  IL-1  (7). 

Inactivation  of  the  viral  IL-1  receptor  from  vaccinia  virus  has  produced 
contradictory  effects  in  mice  (7,187).  Viruses  lacking  the  B15R  ORF  were 
attenuated  when  mice  were  inoculated  intracranially  but  were  more  virulent 
when  inoculation  was  via  the  respiratory  route.  This  result  is  not  surprising 
since  increased  IL-1  production  and  the  subsequent  immune  response  in  the 
lung  may  lead  to  increase  pathological  damage.  This  suggests  that  some  viral 
proteins  can  act  to  decrease  the  damage  resulting  from  the  host  immune 
response  and  may  therefore  act  to  make  the  virus  less  pathogenic. 

Viral  interferon  receptors.  The  production  of  an  IFN  receptor  by 
poxviruses  was  first  reported  by  groups  studying  myxoma  virus  but  it  has 
since  been  shown  that  17  of  the  orthopoxviruses,  including  vaccinia,  cowpox 
and  rabbitpox,  produce  a  secreted  IFN  receptor  (5,130,205).  Vaccinia  has  been 
shown  to  produce  two  IFN  receptors;  an  IFN-gamma  receptor  (IFN-yR)  and 
an  IFN  a/G  receptor  (IFNa/fiR).  The  IFN-yR  is  a  product  of  the  B8R  ORF  from 
the  right  non-essential  region  and  the  predicted  amino  acid  sequence  of  this 
gene  shows  an  overall  twenty-one  percent  identity  with  the  extracellular 
domain  of  the  human  and  mouse  IFN-yR.  The  activity  of  the  viral  receptors 
is  species  specific  and  it  has  been  suggested  that  these  specificities  may  be 
useful  in  determining  the  origins  of  the  various  viruses. 

Viral  TNF  receptor.  Open  reading  frames  coding  for  proteins  with 
homology  to  the  tumor  necrosis  factor  receptor  (TNFR)  were  first  described 
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for  Shope  Fibroma  Virus  and  myxoma  virus  (182,204).  The  SFV  and  myxoma 
TNFR  ORFs  (  named  T2)  share  forty  and  forty-three  percent  identity, 
respectively,  with  the  extracellular  domain  of  human  TNFR-1.  Expression 
from  a  recombinant  T2  gene  results  in  production  of  a  glycoprotein  of 
approximately  55  kDa  that  is  secreted  and  binds  both  TNF-a  and  TNF-S  in 
vitro.  These  recombinant  viral  TNFRs  have  also  been  shown  to  compete 
with  human  TNFR  for  human  TNF.  Recently,  the  crmB  gene  of  CPV,  which 
shares  forty-two  percent  identity  with  the  binding  domain  of  human  TNFR, 
has  also  been  shown  to  produce  a  48  kDa  protein  that  binds  to  TNF-a  and 
TNF-fi  in  vitro. 

The  importance  of  the  TNF  receptors  in  virus  infection  has  been 
examined  in  the  chicken  embryo  and  in  rabbits.  Infection  of  the  CAM  with  a 
CPV  TNFR  null  mutant,  resulted  in  the  production  of  wild  type  red  pocks 
indicating  no  involvement  of  this  protein  in  the  pock  color  phenotype  (97). 
In  contrast,  deletion  of  the  T2  ORF  from  myxoma  virus  resulted  in 
attenuation  (204).  The  disease  produce  in  rabbits  following  injection  of  this 
virus  was  much  less  sever  than  that  produced  by  wild  type  myxoma.  In 
addition,  the  mortality  rate  of  the  mutant  was  decreased  by  seventy  percent  in 
comparison  to  the  mortality  rate  of  wt  virus. 
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The  B5R  Protein  of  RPV 

The  B5R  (the  fifth  ORF  from  the  left  end  of  the  Hindlll  B  fragment) 
protein  of  RPV,  the  focus  of  this  dissertation,  is  another  poxvirus  protein  that 
shares  homology  with  components  of  the  host  immune  system.  Proteins 
having  nearly  identical  sequence  have  been  shown  to  exist  in  both  vaccinia 
virus  and  variola  virus  (57,100,119,120,195).  The  homologies  between  the 
various  viruses  and  between  B5R  and  the  complement  components  will  be 
described  below  in  detail. 

The  B5R  ORF  was  first  isolated  from  the  Lister  strain  of  vaccinia  in 
1991  by  marker  rescue  of  a  low-neurovirulence  strain  of  vaccinia  lister  known 
as  LC16m8.  This  virus  is  a  naturally  occurring  variant  that  was  of  interest 
because  the  plaques  it  formed  on  RK-13  cells  were  consistently  smaller  than 
those  produced  by  the  parent  strain,  LC16mO.  In  addition,  LC16m8  had  an 
altered  host  range  and  was  unable  to  grow  in  Vero  cells,  unlike  the  parent 
strain  LC16mO.  Marker  rescue  experiments  resulted  in  the  isolation  of  a  gene 
from  the  right-hand  non-essential  region  of  the  genome  that  restored  both 
the  ability  to  form  large  plaques  on  RK-13  cells  and  to  grow  in  vero  cells. 
Based  on  these  phenotypes  the  gene  was  originally  called  the  plaque  size/ host 
range  (abbreviated  ps/hr)  gene.  Functioning  homologs  of  the  ps/hr  gene 
have  since  been  identified  in  the  right  end  (Hindlll  B  fragment)  of  the 
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vaccinia  and  RPV  genomes  (the  B5R  ORF)  and  of  the  variola  genome  (the  B7 
ORF). 

The  sequence  of  the  B5R  gene  has  been  determined  for  several  strains 
of  vaccinia,  variola  and  for  RPV  allowing  comparisons  to  be  made  between 
viruses  and  with  the  protein  database.  Comparison  of  the  predicted  amino 
acid  sequence  of  the  viral  genes,  as  is  illustrated  in  Figure  5,  shows  that 
among  the  members  of  the  poxviridae  family  for  which  B5R  homolog 
sequence  is  available,  the  protein  sequence  of  the  various  B5R  homologs  has 
been  extremely  well  conserved.  In  all  cases  the  degrees  of  similarity  and 
identity  between  the  different  homologs  are  greater  than  ninety-six  percent 
and  ninety-three  percent  (Table  1),  respectively  suggesting  the  importance  of 
this  protein  to  survival  of  the  virus.  The  B5R  protein  of  RPV  is  one-hundred 
percent  homologous  with  that  of  VV(Copenhagen)  while  it  is  most  diverged 
from  the  variola  strains  India  and  Bangladesh,  although  it  should  be  noted 
that  the  differences  here  are  still  extremely  small,  only  six  percent  at  the  level 
of  amino  acid  identity.  Most  of  the  differences  observed  are  the  result  of 
conservative  substitutions  of  amino  acids  and  it  is  likely  that  they  have  little 
effect  on  the  overall  protein  structure. 

Analysis  of  the  RPV  B5R  amino  acid  sequence  reveals  that  this  protein 
has  N-terminal  and  a  C-terminal  hydrophobic  regions  that  in  the  vaccinia 
protein  have  been  shown  to  function  as  a  signal  sequence  and  a  membrane 
anchor,  respectively  (100).  In  addition,  the  protein,  which  is  shown 


Figure  5.  Alignment  of  the  orthopoxvirus  B5R  homologs.  Shown  is  an 
alignment  of  the  complete  predicted  amino  acid  sequences  from  the  currently 
available  B5R  homolog  genes.  Boxed  areas  indicate  differences  within  the 
sequences  of  the  various  proteins.  Black  bars  underline  potential 
glycosylation  sites.  UTR,  Utrecht;  COP,  Copenhagen;  WR,  Western  Reserve; 
LIS,  Lister;  BAN,  Bangladesh;  IND,  India. 
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W(WR) 

W(LIS) 

VAR (BAN) 

VAR(IND) 


DTVTCPNAECC  P  LQI  E  IGSCQPVKEKYSFGE  YV.  TINCDVGYEVIGASY1  S 
DTVTC PNAECC  P 1.QI  E  3GSCQPVKEKYSFGE  YV.  TINCDVGYEVIGASYI  S 
DTVTCPNAECC  P  LQI  E  -JGSCQPVKEKYSFGE  YV.  TINCDVGYEVIGASYI  S 
DTVTC  PNAECC  P  L.QI  E  1GSCQPVKEKYSFGE  YI  TINCDVGYEVIGASYI  S 
DTVTCPNAECC S  uQI D  4GSCQPVKEKYSFGE  HI TINCDVGYEVIGASYI T 
DjrVTCPNAECqsLQdDHGSCQPVKEKYSFGgHITriNCDVGYEVIGASYIlT 
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itanswnvip 
itanswnvip 
tanswnvip 
:tanswnvip 
itanswnvip 
itanswnvip 


RPV (UTR)  SCQQKCIT  PSLSNGLISGSTFSIGGVIHLSCKSGF 

W(COP)  SCQQKCIT  PSLSNGLISGSTFSIGGVIHLSCKSGF 

W ( WR)  SCQQKCI  M  PSLSNGLISGSTFSIGGVIHLSCKSGF 

W (LIS)  SCQQKCI M  PSLSNGLISGSTFSIGGVIHLSCKSGF 

VAR (BAN)  SCQQKCIT  PSLSNGLISGSTFSIGGVIHLSCKSGF 

VAR(IND)  SCQQKCIT  PSLSNGLISGSTFSIGGVIHLSCKSGF 
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I  liTGSPSSTCIDGKWNI  V.I  I  V  •  T 
I  jTGSPSSTCIDGKWNI  V  jl  T )  V  ■  T 
T  LiTGSPSSTCIDGKWNI  V  IT  I !  V  ■  T 
T  LiTGSPSSTCIDGKWNI  I  IE  T  !  V :  S 
I  LiTGSPSSTCIDGKWNI  V  .1- 1  1  •  S 
I  LiTGSPSSTCIDGKWNI  V  IT  I  :  T :  S 


rpv  ( utr )  ne  e  ?dp\  t  dgpddetdlsklskdwqyeqeiesleatyhi i 

w(cop)  ne  e  ?dp\  t  dgpddetdlsklskdwqyeqeiesleatyhii 

w(wr)  ne  e  ?dp\  i  dgpddetdlsklskdwqyeqeiesleatyhii 

w  ( lis )  ne  k  fdp\  e  dgpddetdlsklskdwqyeqeiesleatyhii 

var  ( ban )  ne  e  fdp\  e  dgpddetdlsklskdwqyeqeiesleatyhii 

var  (  ind)  ne^epdp\(fJdgpddetdlsklskdvvqyeqeiesleatyhii 


300 

IVALTIMGVIFLISVIVLV 
IVALTIMGVIFLISVIVLV 
IVALTIMGVIFLISVIVLV 
IVALTIMGVIFLISVIVLV 
IVALTIMGVIFLISVIVLV 
IVALTIMGVIFLISVIVLV 


RPV (UTR) 
W(COP) 
W(WR) 
W(LIS) 
VAR (BAN) 
VAR (IND) 


CSC  D KNNDQYKFHKLE 
CSC  D  KNNDQYKFHKLI 
CSC  D  KNNDQYKFHKLI 
CSC  D  KNNDQYKFHKLI 
CSC  N  KNNDQYKFHKLI 
CSC  N  KNNDQYKFHKLI 
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schematically  in  Figure  6,  contains  four  contiguous  short  consensus  repeat 
(SCR)  elements,  which  comprise  the  first  seventy  percent  of  the  protein, 
making  it  a  member  of  the  SCR  superfamily.  Alignment  of  these  regions 
with  the  SCR  domains  from  several  other  members  of  this  superfamily  is 
shown  in  Figure  7.  While  it  is  obvious  that  the  overall  sequences  differ,  it  is 
also  clear  that  the  highly  conserved  residues  that  define  the  SCR  domain  are 
present  in  the  B5R  protein.  These  include  the  essential  cysteine  and  proline 
residues  that  begin  and  end  each  domain  as  well  as  several  less  well 
conserved  residues  found  at  characteristic  positions  within  the  domain. 
Included  in  this  alignment  are  the  human  and  viral  C4b  binding  proteins 
which  illustrate  how  divergent  two  proteins  may  be  in  their  sequence  and  yet 
still  share  the  same  activity. 

Comparison  of  the  RPV  B5R  predicted  amino  acid  sequence  with  the 
current  database  using  BLAST  reveals  that  this  protein  shares  homology  with 
several  complement  control  proteins,  with  the  areas  of  greatest  homology 
falling,  not  surprisingly,  within  the  SCR  domains.  B5R  shares  the  greatest 
degree  of  homology  with  the  complement  components  factor  H  and  the  C4B 
binding  protein,  both  of  which  are  inhibitors  of  complement  activation.  An 
illustration  of  the  B5R  regions  that  share  this  homology  as  well  as  an 
indication  of  the  degree  of  homology  are  shown  in  Figure  8.   The  regions  of 
homology  basically  cover  two  separate  areas  of  the  B5R  protein,  one  region 
within  SCR  I  and  a  second  region  within  SCRs  II  and  /  or  III.  The  region  of 
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shared  homology  within  SCR  I  stretches  from  amino  acids  18  to  71,  and  has 
percent  identities  ranging  from  thirty-four  to  forty-five  percent  depending  on 
the  alignment  used  while  the  second  region  of  homology  lies  between  amino 
acids  112  and  231  with  percent  identities  ranging  from  twenty-three  to  forty- 
eight  percent,  again  depending  on  the  alignments  used.  This  degree  of 
homology  may  be  considered  significant  since  it  is  similar  to  the  homology 
shared  between  the  viral  and  human  C4b  binding  proteins,  two  proteins  that 
have  been  shown  to  have  the  same  activity.  The  shared  homology  of  B5R 
with  proteins  that  are  regulators  of  the  complement  cascade  suggests  that  the 
B5R  protein  may  also  function  as  an  inhibitor  of  the  complement  cascade. 

The  expression  and  biochemistry  of  the  W  and  RPV  B5R  proteins 
have  been  studied  in  some  detail.  The  product  of  the  B5R  gene  is  produced 
late  in  infection  and  is  a  45  kDa  protein  that  has  been  shown  to  be  both 
glycosylated  and  palmitated  (57,100,119,147).  The  45  kDa  glycoprotein  is  found 
as  a  component  of  EEV  but  not  of  IMV,  and  it  has  been  demonstrated  to  be 
part  of  the  EEV  envelope  (119).  In  addition,  the  B5R  protein  is  found  in  the 
supernatant  of  infected  cells  as  a  smaller,  secreted  37  kDa  protein  derived  by 
cleavage  of  the  45  kda  form,  a  process  believed  to  occur  at  the  cell  surface 
(119).  This  process  is  independent  of  viral  morphogenesis  indicating  that 
there  is  a  second  pathway  for  secretion  of  this  protein  and  suggesting  a  dual 
role  for  B5R. 


The  B5R  protein  of  vaccinia  has  been  shown  to  be  essential  for  EEV 
synthesis  in  some  cells,  a  feature  characteristic  to  many  of  the  EEV  proteins. 
To  date,  the  importance  of  this  protein  in  virulence  has  not  been  determined, 
and  there  are  no  data  available  on  the  relative  importance  of  the  individual 
forms  of  this  protein.  The  goal  of  this  work  is  to  explore  the  importance  of 
the  membrane-bound  and  secreted  forms  of  B5R  in  virus  virulence.  The 
work  in  chapter  three  will  investigate  the  overall  importance  of  B5R  in 
virulence  while  the  work  in  chapter  four  will  address  the  importance  of  the 
individual  forms  of  the  protein. 


CHAPTER  II 
MATERIALS  AND  METHODS 

Recombinant  DNA  Techniques 

Bacterial  Strains  and  Plasmids 

Escherichia  coli  (strain  UT481)  was  used  for  the  propagation  of  all 
plasmids  using  standard  culture  conditions  (173)  unless  otherwise  specified. 
pBluescript,  which  was  used  for  general  cloning  and  construction  of  mutant 
open  reading  frames,  was  obtained  from  Stratagene  Inc.  (San  Diego,  Ca.).  The 
plasmid  pBluescriptrJF,  in  which  the  vaccinia  virus  thymidine  kinase  open 
reading  frame,  containing  an  internal  polylinker  site,  has  been  cloned  into 
the  Hind  III  and  Xho  I  sites  of  pBluescript,  was  obtained  from  Dr.  Joyce  Feller 
through  coercion  and  the  threat  of  physical  violence.  The  plasmid  pBS-gpt-A, 
which  contains  the  £.  coli.  guanyl-ribosylphosphotransferase  gene  under  the 
control  of  the  poxvirus  p7.5  promoter,  was  kindly  provided  by  Dr.  Grant 
McFadden.  The  PCR  product  cloning  vector  pCRl  was  obtained  from 
Invitrogen  (San  Diego,  CA).  The  plasmid  pBR322  was  obtained  from 
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Stratagene  Inc.  The  plasmid  pMALCR-1,  for  the  production  of  maltose- 
binding  protein  fusion  proteins,  was  obtained  from  New  England  Biolabs 
(Beverly,  MA). 

Manipulation  and  Cloning  of  DNA 

All  restriction  digests  of  DNA  were  performed  using  restriction 
endonucleases  and  buffers  obtained  from  New  England  Biolabs  (Beverly,  MA) 
using  reaction  conditions  specified  by  the  manufacturer.  Agarose  gel 
electrophoresis  was  performed  as  described  by  Sambrook  and  Maniatis  (172), 
using  0.8%  (w/ v)  SeaKem  LE  agarose  (FMC  Bioproducts)  gels  buffered  in  TBE 
(  0.089  M  Tris-hydroxy methyl  aminomethane  (THAM)  (Fisher),  0.089  M  Boric 
acid  (Fisher),  0.002  M  Disodium  ethylenediamine  tetracetic  acid  (EDTA) 
(Fisher))  or  TAE  (0.04  M  Tris-acetate,  0.01  M  EDTA)  containing  ethidium 
bromide  (2,7-diamino-l  0-ethy  1-9-pheny  1-phenanthridinium  bromide) 
(Sigma)  at  a  concentration  of  0.5  /ig/  ml.  Purification  of  DNA  from  agarose 
gels  was  accomplished  using  the  Geneclean  II  Kit  (Bio  101  Inc.)  or  by  the 
polyethylene  glycol  (PEG)  method  of  electroelution,  as  described  by  Zhen  and 
Swank  (220).  All  ligation  reactions  were  incubated  overnight  at  16°C  using  T4 
DNA  Ligase  (New  England  Biolabs)  in  buffers  and  conditions  specified  by  the 
manufacturer.  The  ligation  products  were  transformed  into  competent  E. 
colx.  cells  using  the  calcium  chloride  procedure  (88),  and  transformants  were 
selected  on  LB  (1%  (w/ v)  tryptone ,  0.5%  (w/ v)  yeast  extract,  1%  (w/v)  NaCl) 


86 

agar  plates  (1.2%  (w/v)  Difco  Bacto-agar)  containing  100  /ig/ml  ampicillin 
(Sigma).  Plasmids  were  purified  from  bacterial  cultures  using  the  Wizard 
Midiprep  DNA  purification  system  (Promega)  or  by  the  standard  alkaline  lysis 
protocol  (173). 

PCR  Amplification  of  DNA 

All  primers  used  for  PCR  amplification  were  synthesized  by  the 
University  of  Florida  ICBR  DNA  synthesis  core,  and  PCR  reactions  were 
carried  out  in  PTC-100  Thermal  Controller  (MJ  Research)  using  thin-walled 
tubes  (USA  Scientific  Plastics).  Unless  otherwise  specified,  30  cycles  of 
amplification,  consisting  of  denaturing  (94°C,  20  seconds),  annealing  (  52°C,  30 
seconds),  extension  (  72°C,  60  seconds)  were  typically  performed  on  400  pg  of 
template  DNA  and  at  least  60  pM  of  each  primer.  Amplification  reactions 
were  done  in  a  volume  of  100  \i\  using  Taq  DNA  Polymerase  (FisherBiotech) 
in  reaction  conditions  specified  by  the  manufacturer  (50  mM  Tris  pH  9.0,  50 
mM  NaCl,  10  mM  MgCl2,  50  j*M  each  of  dATP,  dGTP,  dCTP,  dTTP). 

For  generation  of  the  DNA  fragments  used  in  construction  of  the 
RPVB5R:X  mutants  (B5R  non-secretors),  all  of  the  PCR  amplifications  were 
performed  with  Vent  DNA  polymerase  (New  England  Biolabs),  to  minimize 
PCR-generated  errors,  using  buffers  and  reaction  conditions  provided  by  the 
manufacturer  (50  mM  Tris  pH  9.0,  50  mM  NaCl,  10  mM  MgCl2,  50  //M  each  of 
dATP,  dGTP,  dCTP,  dTTP). 
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Southern  Blot  Analysis  of  DNA 

Southern  blot  analysis  was  performed  using  standard  protocols  (31). 
Briefly,  the  agarose  gel  containing  the  separated  DNA  fragments  was  soaked 
for  15  minutes  in  2  volumes  of  nicking  solution  (0.25  M  HQ),  2  x  15  minutes 
in  denaturation  solution  (1.5  M  NaCl,  0.5  M  NaOH)  and  2  x  15  minutes  in 
neutralization  buffer  (1.5  M  NaCl,  0.5  M  Tris-HCl  [pH  7.2],  0.001  M  EDTA). 
The  DNA  was  transferred  to  a  nylon  membrane  (Hybond-N,  Amersham,  Inc.) 
by  downward  capillary  transfer  in  0.025  M  sodium  phosphate  (pH  6.5).  The 
blot  was  dried,  and  the  DNA  fixed  to  the  membrane  by  irradiation  with  120 
millijoules  using  the  UV  Stratalinker  1800  (Stratagene). 

The  generation  of  labeled  probes  using  32p-dCTP  (3000  Ci/mM,  New 
England  Nuclear)  was  performed  using  the  random  oligomer  primer 
extension  protocol  (64),  and  unincorporated  nucleotides  were  removed  by 
centrifugation  of  the  extension  products  through  sephadex  G-50  (Pharmacia). 
Blots  were  blocked  by  incubation  for  one  hour  at  65°C  in  6X  SSC  (0.9  M  NaCl, 
0.09  M  sodium  citrate  [pH  7.0J  (Sigma)  containing  0.25%  dry  milk  (Carnation 
Foods))  following  which  hybridization  with  the  denatured,  labeled  probe  was 
carried  out  under  the  same  conditions  for  16  hours.  Blots  were  washed  in  2X 
SSC  (0.3  M  NaCl,  0.03  M  sodium  citrate  [pH  7.0])  containing  0.1%  (w/v)  SDS 
(Sigma)  2  X  15  minutes,  once  at  room  temperature  and  once  at  65°C.  Blots 
were  then  exposed  to  Kodak  X-Omat  AR  film. 
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Virological  Techniques 

Cell  Culture 

All  cells  were  maintained  at  37°C  with  5%  CO2  in  (with  the  exception 
of  chick  embryo  fibroblasts  (CEFs)  and  quail  carcinoma  (QT-6)  cells)  Gibco 
minimal  essential  medium  (MEM)  supplemented  with  streptomycin  (50  I.U. 
/ml),  penicillin  (50  mcg/ml),  glutamine  (2  mM),  sodium  pyruvate  (1  mM), 
MEM  nonessential  amino  acids  (0.1  mM)  (Mediatech  Inc. /Fisher),  and  5% 
(v/v)  fetal  bovine  serum  (FBS)  (GIBCO  BRL).  QT-6  cells  were  maintained  in 
Optimem  medium  (GIBCO  BRL)  with  5%  (v/v)  FBS.  Chicken  embryo 
fibroblasts  were  prepared  from  11  day  old  embryos  and  maintained  for  8 
passages  in  supplemented  medium  F-199  (Gibco)  containing  MEM  vitamin 
solution  [final  concentration:  NaCl  (170  mg/ml),  D-Ca  pantothenate  (2 
mg/ml),  choline  chloride  2  mg/ml),  folic  acid  (2  mg/ml),  i-inositol  (4  mg/ml), 
nicotinamide  (2  mg/ml),  pyridoxal  HC1  (2  mg/ml),  riboflavin  (0.2  mg/ml), 
thiamine  HC1  (2  mg/ml)l  (Gibco  BRL)  and  5%  (v/v)  fetal  bovine  serum  . 

Preparation  of  Viral  Stocks 

RPV  (Utrecht  strain)  was  obtained  from  the  American  Type  Culture 
Collection  (ATCC).  CPV  (Brighton  Red  strain)  was  kindly  provided  by  Dr. 
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David  Pickup.  RPVASPI-2  and  CPVASPI-2  were  graciously  provided  by  Dr. 
Ahmad  Ali.  Confluent  monolayers  of  RK-13  cells  (ATCC),  grown  in  150  mm 
dishes,  were  infected  with  virus  at  a  multiplicity  of  infection  (m.o.i.)  of 
between  0.01  and  0.1  plaque  forming  unit  (pfu)  per  cell  and  incubated  at  37°C 
until  all  of  the  cells  showed  cytopathic  effect  (CPE).  The  cells  were  scraped 
from  the  dish  using  a  rubber  policeman  (Fisher  Scientific),  and  collected  by 
centrifugation  at  10,000  RPM  in  a  Beckman  1A-10  rotor  (approx.  800  x  G)  for  30 
minutes.  The  pellet  was  resuspended  in  serum-free  MEM  and  stored  at  -70°C 
until  used. 

Virus  that  was  used  for  animal  studies  was  subject  to  the  following 
purification:  Infected  cells  were  scraped  in  to  the  medium  and  collected  by 
centrifugation  at  10,000  RPM  in  a  Beckman  JA-10  rotor  (approx.  800  x  G)  for  30 
minutes.  The  resulting  cell  pellet  was  resuspended  in  TM  buffer  (10  mM 
Tris-HCl  fpH  7.5],  5  mM  MgC^),  and  after  10  minutes  the  cells  were  lysed  by  10 
strokes  with  a  dounce  homogenizer.  The  resulting  lysate  was  centrifuged  at 
2,000  RPM  in  a  Beckman  JA-20  rotor  (approx.  500  x  G)  to  remove  the  nuclei. 
The  supernatants  from  this  centrifugation  were  then  sonicated  for  30  seconds 
using  a  Vibra-Cell  probe  sonicator  (Sonics  and  Materials,  Danbury,  CT.)  set  on 
level  2  after  which  they  were  layered  onto  a  36%  (w/v)  sucrose  pad  and 
centrifuged  at  18,000  RPM  in  a  Beckman  SW28  rotor  (approx.  65,000  x  G)  for  90 
minutes.  The  resulting  pellet  was  resuspended  in  MEM  and  stored  at  -70°  C. 
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Purification  of  IMV.  IEV  and  EEV 

IMV  (intracellular  mature  virus),  IEV  (intracellular  enveloped  virus) 
and  EEV  (extracellular  enveloped  virus)  particles  for  western  blot  analysis 
were  purified  using  a  modification  of  the  procedure  described  by  Payne  (145). 
Purification  started  with  infection  of  5-10  150  mm  dishes  of  RK-13  cells 
infected  with  the  appropriate  virus  at  an  m.o.i.  of  0.01-0.1.  After  total  CPE  was 
observed,  the  infected  cells  were  scraped  into  the  media  and  pelleted  by 
centrifugation  at  10,000  RPM  for  30  minutes.  EEV  was  recovered  by 
centrifugation  of  this  supernatant  at  23,000  RPM  in  a  Beckman  SW28  rotor 
(approx.  100,000  x  G).  The  EEV  pellet  was  resuspended  in  3.0  ml  distilled 
water  for  purification  on  CsCl  gradients. 

To  obtain  a  crude  cellular  fraction  of  IMV  and  IEV,  the  infected  cell 
pellet  was  resuspended  in  3.0  ml  of  TM  buffer  (10  mM  Tris-HCl  [pH  7.5],  5 
mM  MgCl2),  incubated  for  10  minutes  at  room  temperature,  lysed  by  ten 
strokes  with  a  dounce  homogenizer  and  centrifuged  at  500  x  G  for  5  minutes 
to  remove  the  nuclei. 

The  supernatant  and  cellular  samples  were  both  sonicated  for  30 
seconds  using  a  VibraCell  probe  sonicator  (Sorties  and  Materials,  Danbury,  CT) 
set  on  level  2.  The  samples  then  layered  onto  individual  discontinuous  CsCl 
gradients  that  had  been  prepared  by  layering  2.0  ml  CsCl  (1.3  mg/ml),  3.0  ml 
CsCl  (1.25  mg/ml)  and  4.0  ml  CsCl  (1.2  mg/ml)  in  an  SW41  centrifuge  tube. 
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The  gradients  were  centrifuged  at  30,000  RPM  in  an  SW41  rotor  (approx. 
175,000  x  G)  for  90  minutes  after  which  time  the  resulting  virus  bands  were 
collected  by  centrifugation  at  23,000  RPM  in  a  Beckman  SW28  rotor  (approx. 
100,000  x  G),  resuspended  in  PBS  (137  mM  NaCl,  2.7  mM  KC1,  4.3  mM 
Na2HP04, 1.4  mM  KH2P04  fpH  7.3])  (Fisher)  and  stored  at  -70°C. 

Titration  of  Virus 

All  titers  of  viral  stocks  were  determined  on  RK-13  cells  except  where 
mycophenolic  acid  selection  of  recombinant  virus  was  performed,  in  which 
case,  CV-1  cells  (ATCC)  were  used.  Virus  stocks  were  thawed,  mixed 
thoroughly  and  sonicated  for  60  seconds  in  a  Vibracell  sonicator  with  a  cup 
attachment.  The  sonicated  virus  stock  was  then  serially  diluted  in  serum-free 
MEM  and  0.4  ml.  of  each  dilution  was  used  to  infect  a  confluent  monolayer  of 
PBS  (Fisher)  washed  cells  in  a  35  mM  dish.  Infected  cells  were  incubated  at 
37°C  for  2  hours  and  were  rocked  every  30  minutes  to  distribute  the  media. 
At  the  end  of  two  hours,  the  medium  was  removed,  and  the  cells  were 
overlaid  with  0.4%  (w/ v)  LE  Seakem  agarose  (FMC  Bioproducts)  melted  in 
supplemented  MEM  containing  2%  (v/v)  FBS  .  Cells  were  then  incubated  at 
37°C  for  2-3  days  after  which  time,  3  ml  of  serum-free  MEM  containing 
neutral  red  (3-amino-7-dimethylamino-2-methylphenazine  hydrochloride) 
(0.111  g/L)  was  added  to  each  dish  and  incubation  at  37°C  continued,  until  the 
cells  were  stained  and  the  plaques  could  be  easily  counted. 
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In  experiments  where  mycophenolic  acid  selection  was  used,  CV-1  cells 
were  pre-treated  for  at  least  four  hours  with  mycophenolic  acid  (10  /ig/ ml) 
prior  to  infection.  In  addition,  the  agarose  overlay  contained  MPA  (5  /Jg/ml), 
hypoxanthine  (15  jig/  ml),  and  xanthine  (250  /ig/  ml).  Cells  were  stained  with 
neutral  red  (as  described  above)  3-4  days  following  infection. 

When  selection  of  thymidine  kinase  null  mutants  was  performed,  the 
virus  stock  was  titered  on  Rat-2  cells,  and  the  overlay  contained 
bromodeoxy uridine  at  a  concentration  of  100  /ig/ml. 

Titration  of  Virus  From  Infected  Lungs 

Infected  mice  were  sacrificed  by  cervical  dislocation.  The  lungs  were 
removed,  weighed  and  the  tissue  disrupted  by  agitation  in  2.0  ml.  of  sterile 
distilled  water,  using  a  stomacher  lab  blender  80  (Tekmar  Co.,  Cincinnati, 
Ohio)  until  the  mixture  appeared  homogeneous.  The  tissue  was  then  further 
disrupted  by  10  strokes  with  a  dounce  homogenizer  after  which  the 
homogenate  was  frozen  and  thawed  two  times.  Samples  were  then  sonicated 
for  60  seconds  using  a  Vibra-Cell  probe  sonicator  on  level  2  after  which 
titration  was  performed,  as  described  above. 

One  Step  Growth  Experiment 

Confluent  monolayers  of  cells  in  a  60  mm  dish  were  infected  with  the 
appropriate  virus  in  serum-free  MEM  at  an  m.o.i.  of  10.  At  two  hours  post- 
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infection,  [methyl-3H]thymidine  (25  Ci/  mMol.,  Amersham)  was  added  to  the 
dish  to  a  final  concentration  of  10  jiCi/ml,  and  incubation  was  continued 
until  24  hours  post  infection.  The  medium  was  then  removed,  clarified  by 
centrifugation  in  a  2,000  RPM  in  a  Beckman  JA-20  rotor  (approx.  500  x  G)  for 
10  minutes,  and  the  virus  pelleted  by  centrifugation  at  23,000  RPM  in  a 
Beckman  SW28  rotor  (approx.  100,000  x  G)  for  40  minutes.  The  viral  pellet 
was  resuspended  in  2.0  ml  of  distilled  water  for  analysis  on  a  CsCl  gradient. 
The  infected  cells  were  harvested  in  PBS  (Fisher)  by  scraping,  pelleted  at  1,000 
x  G  for  10  minutes  and  following  a  10  minute  incubation  in  distilled  water  at 
room  temperature,  the  cells  were  lysed  by  ten  strokes  with  a  tight  fitting 
dounce  homogenizer.  Nuclei  were  then  removed  by  centrifugation  at  2,000 
RPM)  in  a  Beckman  JA-20  rotor  (approx.  1,000  x  G)  for  10  minutes.  The 
supernatants  were  sonicated  for  10  seconds  using  a  VibraCell  probe  sonicator 
at  level  2  (Sonics  and  Materials,  Danbury,  CT),  layered  onto  a  4.0  ml  36% 
(w/  v)  sucrose  pad  and  centrifuged  at  31,000  x  G  for  90  minutes.  The  resulting 
viral  pellet  was  then  resuspended  in  distilled  water  for  analysis  on  a  CsCl 
gradient.  The  2.0  ml  virus  samples,  derived  from  either  the  medium  or  the 
cells  were  layered  onto  a  discontinuous  CsCl  gradient  (4.0  ml  CsCl  [1.2 
mg/ml],  3.0  ml  CsCl  [1.25  mg/mll,  2.0  ml  CsCl  [1.3  mg/ml]  (Sigma) )  and 
centrifuged  at  30,000  RPM  in  an  SW41  rotor  (approx.  175,000  x  G)  for  90 
minutes.  Fractions  (0.5  ml)  were  collected,  dropwise,  from  the  bottom  of  the 
gradient  and  the  level  of  radioactivity  in  each  fraction  was  determined. 
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Plaque  Lift  Hybridization 

The  detection  of  recombinant  viruses  by  plaque-lift  hybridization 
analysis  was  done  as  has  been  described  (206).  Briefly,  cell  monolayers 
containing  virus  plaques  were  transferred  to  nitrocellulose  membranes,  and 
these  membrane  were  then  soaked  for  1  minute  in  0.25  M  NaCl,  0.1  N  NaOH, 
1  minute  in  0.2  M  Tris-HCl  [pH  7.6],  and  1  minute  in  2X  SSC  (0.3  M  NaCl,  0.03 
M  sodium  citrate  fpH  7.01).  The  membranes  were  air  dried  after  which  time 
the  DNA  was  fixed  to  the  membrane  by  baking  in  a  vacuum  oven  at  80°C  for 
three  hours.  The  membranes  were  then  incubated  in  6X  SSC  (0.9  M  NaCl, 
0.09  M  sodium  citrate  [pH  7.0]  (Sigma)  containing  0.25%  dry  milk  for  one  hour 
at  65°C  after  which  time  heat  denatured  32p.]abeled  probe  was  added  and  the 
incubation  continued  overnight.  (Radiolabeled  probes  were  made  as 
described  in  the  section  on  southern  blotting).  The  membranes  were  then 
washed  2  x  15  minutes  with  2X  SSC  containing  0.1%  SDS  (Sigma),  the  first 
wash  at  room  temperature  and  the  second  at  65°C.  The  membranes  were 
sandwiched  between  clear  plastic  wrap,  placed  against  film  (Kodak  X-Omat) 
and  stored  at  -70°C  until  developed,  generally  1-2  days. 

Transfection  of  Cells 


A  confluent  monolayer  of  CV-1  cells,  grown  in  a  35  mm  dish,  was 
infected  at  an  m.o.i.  of  0.05  pfu/cell  and  incubated  at  37°C  for  60  minutes.  At 


1  hour  post-infection,  1.0  ml  of  Optimem  was  added,  and  the  infected  cells 
were  transfected  with  5-10  ug  of  the  appropriate  plasmid  DNA  using 
Transfectase  (Life  Technologies),  as  specified  by  the  manufacturer.  Following 
a  48  hour  incubation  at  37°C,  cells  were  scraped  into  the  medium,  frozen  and 
thawed  two  times  and  then  stored  at  -70°C.  When  the  transfected  DNA 
contained  the  Ecogpt  cassette,  the  medium  added  just  prior  to  the  addition  of 
DNA  contained  mycophenolic  acid  (5.0  f/g/ml  final  concentration),  xanthine 
(250  /ig/ml  final  concentration)  and  hypoxanthine  (15jig/ml  final 
concentration)  (Sigma). 

Infection  of  the  Chorioallantoic  Membrane 

The  chorioallantoic  membrane  was  infected  as  has  been  described 
previously  (53).  Embryonated,  White-Leghorn  chicken  eggs  were  obtained 
from  SPAFAS  Inc.  (Norwich,  CT),  and  incubated  in  a  Kuhl  incubator 
(Flemington,  N.J.)  according  to  the  manufacturer  instructions  (37.5°C,  82°C 
wet  bulb  relative  humidity)  with  rocking  every  30  minutes.  At  11  days  of 
incubation,  two  small  holes  were  made  through  both  the  shell  and  the 
underlying  membrane,  the  first  into  the  air  space  on  the  large  end  of  the  egg. 
and  the  second  on  the  long  side  of  the  egg  in  between  visible  blood  vessels. 
The  air  was  then  drawn  out  of  the  air  sac  through  the  first  hole,  using  a 
rubber  bulb,  resulting  in  the  chorioallantoic  membrane  (CAM)  separating 
from  the  shell,  leaving  a  new  air  space  on  the  side  of  the  egg,  under  the 
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second  hole.  100  [i\  of  sterile  PBS,  containing  virus,  at  a  concentration  of 
either  500,  1000  or  2500  pfu/ml,  was  then  dropped  onto  the  CAM  through  the 
second  hole,  using  a  tuberculin  syringe,  after  which  the  egg  was  gently  rocked 
to  distribute  the  virus.  The  holes  were  covered  with  tape  and  the  eggs  were 
returned  to  the  incubator,  lying  on  their  sides  with  the  new  air  space  facing 
upward.  At  72  hours  post-infection,  the  eggs  were  opened,  the  CAM 
surrounding  and  including  the  infection  site  was  carefully  removed  and 
rinsed  with  PBS  for  examination.  In  experiments  involving  dexamethasone 
treatment  of  eggs,  the  inoculum  contained  dexamethasone  (Sigma)  at  a 
concentration  of  8  mM.  Staining  of  the  infected  CAMs  with 
nitrobluetetrazolium  (NBT)  (  2,2'-di-p-nitropheny  1-3,3' [dimethoxy -4,4'- 
diphenylenej-ditetrazolium  blue)(Sigma)  was  accomplished  by  a  30  minute 
incubation  of  the  membranes  at  37°C  in  PBS  containing  0.1%  (w/v)  NBT. 

Intranasal  Infection  of  Mice 

Female  BALB/  C  mice  (6-8  week  old,  15-  20  grams)  were  obtained  from 
Harlan,  Sprague-Dawley  Inc.  (Indianapolis,  In.)  and  housed  4  animals  per  cage 
unless  otherwise  specified.  Intranasal  infections  of  mice  were  performed  as 
follows:  Mice  were  first  anesthetized  by  intraperitoneal  injection  of  100  /il 
(0.05-0.1  mg/gm  body  weight)  of  sodium  pentobarbital  (10  mg/ml  in  17% 
(v/v)  glycerol,  8.6%  (v/v)  absolute  ethanol)  following  which,  the  mice  were 
inoculated,  10  \i\  per  nostril,  with  virus  diluted  in  sterile  PBS,  using  a 
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microcapillary  pipet.  The  weight  of  individual  mice  was  determined  using  a 
pan  balance.  LD50S  for  the  individual  viral  strains  were  determined  using  the 
method  Reed  and  Muench  (159).  In  experiments  involving  the  use  of 
dexamethasone,  mice  were  given  twice-daily  intraperitoneal  injections  of  100 
fil  of  sterile  PBS  containing  dexamethasone-21-phosphate  (Sigma)  (500 
/ig/ml). 

Ear  Swelling  Assay 

The  anti-inflammatory  activity  of  dexamethasone  was  confirmed  by 
the  use  of  an  ear  swelling  assay  (201).  Mice  were  first  anesthetized  as 
described  above.  Pre-treatment  ear  thickness  was  then  determined  using  an 
engineer's  micrometer  (Starrett  Inc.,  Athol,  MA.)  after  which,  25  fi\  of  croton 
oil  (5%  (v/  v)  in  ethanol)  (Sigma)  was  applied  to  one  ear.  The  other  ear  was 
left  untreated  and  served  as  an  internal  control.  After  four  hours,  ear 
thickness  was  again  measured  using  an  engineers  micrometer.  Ten  separate 
readings  per  ear  were  used  to  calculate  the  average  thickness  for  that  ear. 

Intradermal  Infection  of  Rabbits 

Adult  (approximately  3  kg)  female  rabbits  were  obtained  from  M  &  P's 
rabbitry  (Tampa,  Fl.)  and  were  housed  in  individual  cages.  To  initiate  the 
infection  in  these  animals,  virus  resuspended  in  100  y\  of  PBS  was  injected 
intradermally  into  the  shaved  flank  of  each  animal  using  a  tuberculin 
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syringe.  Rectal  temperatures  were  recorded  using  a  digital  thermometer 
(Becton  Dickinson,  Franklin,  New  Jersey). 

Histology 

Tissue  samples  from  rabbits,  mice  and  embryonated  eggs  were 
removed  following  euthanasia  of  the  animal  and  stored  in  10%  (v/v) 
formalin  in  PBS  until  sectioning.  All  tissues  were  embedded  and  sectioned  by 
the  histopathology  laboratory  in  the  College  of  Veterinary  Medicine  at  the 
University  of  Florida.  Descriptions  of  the  histopathology  within  tissue 
sections  were  provided  by  the  Department  of  Clinical  Pathology  also  at  the 
College  of  Veterinary  Medicine  at  the  University  of  Florida. 

Construction  of  Mutant  Viruses 

Construction  of  RPVAB5R 

The  RPV  B5R  gene  was  amplified  from  RPV  genomic  DNA  using 
primers  RM152R,  5'-GGCTCGACATGAAAACGATTTCCGT-3',  and  RM151R, 
5'-GGCAAGCTTTATATTCACGGTAGCA-3'.  The  primers  were  constructed 
based  on  the  published  sequence  of  the  B5R  gene  from  the  Lister  strain  of 
vaccinia  and  are  derived  from  the  5'  and  3'  sequences  of  the  gene, 
respectively.  RM152R  hybridizes  to  the  first  17  nucleotides  of  the  B5R  ORF 
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while  RM151R  hybridizes  with  the  last  11  nucleotides  of  the  B5R  ORF. 
Underlined  regions  contain  added,  non-coded  Sail  and  Hindlll  sites  used  to 
clone  the  final  PCR  product  into  the  plasmid  pBR322  to  produce  the  plasmid 
pBR322-ps/hr.  The  Ecogpt  cassette  was  excised  from  pBS-gpt-A  by  digestion 
with  the  endonuclease  EcoRI,  treated  with  the  Klenow  fragment  of  the  E.  coli 
DNA  polymerase  I  to  obtain  blunt  ends,  and  ligated  into  the  B5R  gene  at  a 
single  EcoKV  restriction  site  located  152  bp  downstream  from  the  translation 
initiation  codon.  The  location  of  this  insertion  relative  to  the  overall  protein 
is  shown  in  Figure  9.  The  resulting  plasmid  was  called  pBR322-ps/hr-gpt. 
The  portion  of  this  plasmid  containing  the  gpt-disrupted  B5R  gene  was 
amplified  using  primers  RM151R  and  RM152R  and  the  linearized  plasmid  as 
the  template.  This  PCR-generated  DNA  fragment  was  then  transfected  into 
RPV  infected  CV-1  cells  as  described  above  and  gpt+  recombinants  were 
enriched  by  the  addition  of  selection  medium  which  contained  mycophenolic 
acid  (2.5  /ig/ml),  250  hypoxanthine  (/ig/ml),  and  hypoxanthine  (15  >/g/ml). 
Following  an  overnight  incubation  at  37°C,  recombinant  virions  containing 
the  gpt  cassette  were  identified  by  plaque-lift  hybridization  analysis  of  infected 
RK-13  cells  (described  above)  using  a  probe  for  the  gpt  ORF.  Gpt+ 
recombinants  were  isolated,  the  purification  procedure  repeated  three  more 
times  after  which  virus  recovered  from  isolated  plaques  was  used  for  the 
generation  of  stocks.  Construction  was  confirmed  by  southern  and  western 
blot  analysis  as  described  in  this  dissertation. 
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Construction  of  RPVB5R-T 

RPVB5R-T,  which  produces  a  B5R  protein  lacking  the  B5R  3'  putative 
membrane  anchor  region,  was  constructed  using  the  scheme  outlined  in 
Figure  10.  A  fragment  of  the  B5R  ORF,  from  nucleotide  563  to  nucleotide 
1004,  was  amplified  by  PCR  using  primers  RM277 
(GGGGCTCGAGCCGTCTCTATCTAATGC)  and  primer  RM278 
(CGATACCGTCGACCTCGAATTTCTAACGATTCTATTTC).  This  amplified 
fragment  contains  the  sequence  immediately  upstream  of  the  membrane 
anchor  coding  sequence  and  in  addition,  replaces  the  codon  for  amino  acid 
275  with  a  stop  codon  (TAA)  contained  in  primer  RM278.  The  relative 
location  of  this  newly  inserted  stop  codon  is  indicated  in  Figure  9.  After 
ligation  into  the  pCRl  plasmid  (Invitrogen),  the  insert  was  sequenced  and  a 
clone  free  of  unintended  mutations  was  selected  for  further  construction.  The 
cloned  B5R  gene  fragment  was  then  excised  by  digestion  with  endonuclease 
EcoRI,  and  the  250  nucleotide  B5R  fragment  was  ligated  into  the  EcoRI  site  of 
the  plasmid  pBluescript-gptR  so  that  the  p7.5  promoter  and  the  gpt  ORF  were 
placed  immediately  downstream  of  the  introduced  stop  codon.  The  result 
was  a  plasmid,  called  pBS-gptR-B5RL,  in  which  the  3'  end  fragment  of  the 
B5R  ORF  is  5'  of  the  gpt  cassette  (see  Figure  10).  A  second  PCR  product 
beginning  one  nucleotide  after  the  B5R  stop  codon  and  extending 
approximately  120  bases  into  the  B6R  ORF  was  generated  using  primers 


Figure  10.  Scheme  for  construction  of  RPVB5R-T.  The  regions  immediately 
upstream  of  the  membrane  anchor  and  downstream  of  the  B5R  ORF  were 
amplified  using  primer  pairs  RM277/RM278  and  RM279/RM299, 
respectively,  to  generate  the  PCR  products  called  B5R-L  and  B5R-R.  These 
fragments  of  the  B5R  ORF  were  cloned  into  pCRl,  sequenced  and  then 
subcloned  into  pBS-gptR  to  give  the  plasmid  pBS-gptR-B5R-T  which  was  used 
in  the  construction  of  RPVB5R-T.  Open  boxes  signify  ORFs  or  fragments  of 
ORFs  which  are  identified  by  the  type  within  the  box.  The  figure  at  the  very 
top  of  the  page  represents  the  B5R/B6R  region  of  the  RPVgenome.  The 
hatched  box  represents  the  membrane  anchor  region  of  the  B5R  ORF.  The 
small,  black  arrows  above  the  figure  represent  the  location  of  the  primers 
used  in  construction.  The  number  '276'  refers  to  the  corresponding  amino 
acid  position  and  denotes  the  site  where  a  stop  codon  was  introduced  during 
construction  of  the  mutant.  The  type  enclosed  within  the  ovals  indicates  the 
name  of  that  particular  plasmid.  The  speckled  box  labeled  p7.5  denotes  the 
p7.5  promoter.  GFT  ,  guanyl-  ribosylphosphotransferase  ORF;  B5R-L,  250  bp 
fragment  of  the  B5R  ORF  from  immediately  upstream  of  the  membrane 
anchor  sequence;  B5R-L,  250  bp  fragment  of  the  B5R  ORF  from  immediately 
downstream  of  the  B5R  ORF. 
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RM279  (GATCCACTAGTTCTAGACCGTAAATATAAATCCG)  and  RM299 
(CCGATAAATGTTCTACGCGAGCTCCCCC).  The  PCR  product  was  ligated 
into  the  plasmid  pCRl,  sequenced  and  a  clone  called  pCRl-B5R-R  free  from 
mutations  was  isolated  for  further  construction.  The  PCR-generated  insert 
was  removed  by  digestion  of  pCRl-B5R-R  with  the  endonucleases  Xbal  and 
Sad  and  ligated  into  the  corresponding  sites  in  pBS-gptR-B5RL  so  that  the 
B5R/B6R  intra-cistronic  region  began  immediately  3'  of  the  stop  cod  on  of  the 
gpt  ORR  The  resulting  plasmid,  pBS-gptB5R-T  contains  a  B5R  ORF  (referred 
to  as  B5R-T)  which  has  a  stop  codon  at  amino  acid  275  and  in  which  the 
coding  sequence  for  the  membrane  anchor  region  has  been  replaced  by  the 
p7.5  driven  gpt  ORF.  The  B5R-T  ORF  was  transferred  into  RPV  by 
transfection  of  linearized  pBS-gptB5R-T  into  RPV  infected  CV-1  cells  and 
recombinant  viruses  were  enriched  by  the  addition  of  selection  media  which 
contained  mycophenolic  acid  (2.5  /ig/ml),  250  hypoxanthine  (/ig/ml),  and 
hypoxanthine  (15  /ig/ml).  Virions  resulting  from  this  transfection  were 
plated  on  RK-13  cells  and  mutants  were  identified  and  isolated  by  plaque  lift 
hybridization  using  a  probe  for  the  gpt  ORF  as  was  described  for  the 
construction  of  RPVAB5R. 

Construction  of  RPV  mutants  that  fail  to  secrete  B5R 


The  RPVB5R:X  mutants,  each  of  which  contains  a  unique  deletion  of 
between  12  and  36  nucleotides  in  the  presumed  cleavage  site  region  of  the 
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B5R  coding  sequence,  were  constructed  using  a  recombinant  PCR  method 
described  by  Higuchi.  The  general  locations  of  these  deletions  in  relation  to 
the  overall  protein  are  indicated  in  Figure  9,  while  the  specific  annealing  sites 
of  the  primers  as  well  as  the  specific  amino  acids  deleted  from  the  protein  are 
indicated  in  Figure  11.  To  construct  each  of  the  mutant  B5R  ORFs,  two  PCR 
products  comprising  the  sequences  immediately  upstream  and  downstream 
of  the  deleted  sequence  and  having  overlapping  3'  and  5'  ends,  respectively, 
were  generated.  The  upstream  arms  were  generated  using  the  primer  RM260 
(AACTGCAGAAGCTGGATCCTGGAG)  which  hybridizes  to  a  sequence  211 
nucleotides  upstream  of  the  first  codon  of  the  B5R  ORF  (to  include  the  B5R 
promoter)  along  with  one  of  the  following  primers:  RM347 
(GCGAACACATATTGGGAGTACGGG),  RM349 

(TACTGGATCAAATTCTTCGTT),  RM351  (TGTCTCATCGTCGGGACC), 
RM355  (ACCATCGTCGACTGGATCAAATTC),  RM365 

(TTTGCTCAGATCTGTCTCATCG)  all  of  which  hybridize  to  sequences  within 
the  presumed  cleavage  site  region.  The  downstream  arms  were  generated 
using  primer  RM299  (CCGATAAATGTTCTACGCGAGCTCCCCC)  which 
hybridizes  to  a  sequence  approximately  120  nucleotides  downstream  of  the 
B6R  initiation  codon,  along  with  one  of  the  following  primers:  RM348  (CC- 
CAATATGTGTTCGCGACGATGAGACAGATCTG),  RM350  (GAAGAATT- 
TGATCCAGTACTCTCGAAAGACGTTGTA),  RM352  (CCGGACGATGAGA- 
CAGAACAAGAAATAGAATCGTTA),  RM356  (CCAGTCGACGATGGTGA- 
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TCTGAGCAAACTCTCG),  RM366  (GAGACAGATCTGAGCAAAGTTGTAC- 
AATATGAACAA)  all  of  which  hybridize  to  sequences  within  the  presumed 
cleavage  site  region  (see  Figure  11).  Pairs  of  arms  containing  overlapping 
complementary  5'  and  3'  ends  were  used  to  generate  the  full-length  mutant 
B5R  ORFs  by  recombinant  PCR  using  the  outside  primers  RM260  and  RM299. 
The  PCR  products  were  digested  with  the  restriction  endonucleases  Kpnl  and 
Psfl  and  ligated  into  the  Kpnl  and  Psfl  sites  of  pBluescript  after  which  the 
inserts  were  sequenced  and  clones  that  were  free  of  unintended  mutations 
were  isolated.  The  inserts  were  removed  from  pBluescript  by  digestion  with 
Kpnl  and  Psfl  and  were  ligated  into  the  Kpnl  and  Psfl  sites  of  the  plasmid 
pBluescript:JF  which  contains  the  pBluescript  polylinker  sequence  within  the 
vaccinia  thymidine  kinase  (TK)  ORF.  The  result  was  a  series  of  plasmids 
(pBluescript:JFB5R:X)  which  contained  mutant  copies  of  the  B5R  ORF  flanked 
on  both  sides  by  sequences  from  the  vaccinia  TK  gene.  Theses  B5R  ORFs  were 
transferred  into  the  TK  gene  of  RPVAB5R  by  transfection  of  individual 
pBluescript:JFB5R:X  plasmids  into  RK-13  cells  that  had  been  infected  with 
RPVAB5R  at  an  m.o.i.  of  0.1.  After  CPE  was  observed,  the  cells  were 
harvested  and  TK(-)  recombinants  were  selected  by  titration  of  the  virus  on 
Rat-2  cells  (which  are  unable  to  produce  thymidine  kinase)  in  the  presence  of 
bromodeoxyuridine  (100  /ig/ml).  Individual  plaques  were  picked  from  the 
monolayer  and  the  selection  procedure  was  repeated  twice.  After  the  round 
of  selection,  the  virus  was  titrated  on  CV-1  cells  in  the  presence  of 
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mycophenolic  acid  (2.5  jig/ ml),  250  hypoxanthine  (/ig/ml),  and  hypoxanthine 
(15  fig/ ml)  and  individual  plaques  were  picked  from  the  monolayer  for  the 
production  of  virus  stocks. 

Protein  Techniques 

Antisera 

Polyclonal  anti-B5R  sera  was  most  skillfully  produced  by  Dr.  Luisa- 
Martinez  Pomares  and  Rita  Stern  as  follows.  The  B5R  gene  was  amplified 
from  RPV  genomic  DNA  using  primers  RM151R  and  RM  152R,  described 
above.  The  PCR  product  was  cloned  into  the  Sail  and  Hindlll  sites  of 
pMALCR-1  (New  England  Biolabs)  to  produce  the  plasmid  pMALCR-ps/hr  in 
which  the  B5R  ORF  is  joined  to  a  maltose  binding  protein.  This  plasmid  was 
then  transformed  into  the  TBI  strain  of  E.  coli  as  described  above.  Following 
induction  of  the  transformed  bacteria  with  IFTG  (isopropyl-G-D- 
thiogalactopyranyside)(GibcoBRL),  an  abundant  84  kDa  MalE-B5R  fusion 
protein  was  expressed.  The  fusion  protein  was  purified  on  an  amylose  resin 
column  and  was  used  for  the  immunization  of  female  New  Zealand  White 
rabbits  following  standard  protocols  (39). 

The  monoclonal  antibody  C-B5R,  which  recognizes  a  peptide 
corresponding  to  the  sequence  immediately  upstream  of  the  membrane 
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anchor  domain  of  the  B5R  protein,  was  provided  for  use  in  western  blot 
analysis  as  a  generous  gift  of  Dr.  Lendon  Payne. 

Immunoprecipitation  of  B5R 

Cells  grown  in  a  35  mm  dish  were  infected  with  virus  at  a  high  m.o.i. 
(i.e.  10)  in  serum-free  MEM  and  incubated  as  described  in  the  section  on  cell 
culture.  At  6  hours  post  infection,  the  medium  was  removed,  and  the  cells 
washed  one  time  with  cysteine  and  methionine  free  media  (Sigma). 
Incubation  was  then  continued  for  30  minutes  in  1  ml  of  cysteine  and 
methionine-free  media  after  which  35S-Trans  label  (ICN  Biochemicals,  Inc.) 
was  added  to  a  final  concentration  of  50  jiCi/ml.  Following  a  30  minute 
incubation  at  37°C,  the  medium  was  removed  and  replaced  with  one  ml  of 
cysteine  and  methionine-free  medium  containing  50  fiCi/ml  of  35S- 
Translabel  and  10%  (v/v)  MEM.  Following  an  overnight  incubation,  the 
medium  was  harvested,  clarified  by  centrifugation  at  13,000  RPM  in  a 
Beckman  Microfuge  (approx.  12,000  x  G)  for  30  minutes  and  a  150  jul  aliquot  of 
the  resulting  virus-free  supernatant  was  adjusted  to  1%  (v/v)  Nonidet  P-40, 
1%  (w/v)  sodium  deoxycholate  ,  0.1%  SDS  (w/v)  (Fisher),  150  mM  NaCl 
(Fisher),  10  mM  Tris-HCl  [pH  7.4]  (Sigma),  2  /ig/ml  of  aprotinin  (Boehringer 
Manheim),  0.75%  (w/v)  bovine  serum  albumin  (BSA)  and  0.015%  (w/v) 
NaN3  (Sigma),  by  the  addition  of  50  /il  of  a  4x  stock  of  RIPA  buffer.  To  this 
was  added  5  \i\  of  undiluted  polyclonal  anti-B5R  rabbit  sera,  and  the  sample 
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was  incubated  at  4°C  for  3  hours  prior  to  further  processing  for  analysis  of  the 
immunoprecipitated  proteins  by  SDS-PAGE. 

The  infected  cells  were  harvested  by  the  addition  of  0.5  ml  of  RIPA 
buffer  (1%  (v/v)  Nonidet  P-40,  0.5%  (w/v)  sodium  deoxycholate,  0.1%  (w/v) 
SDS,  150  mM  NaCl,  50  mM  Tris-HCl  fpH  7.4])  containing  2  /ig/ml  of  aprotinin 
(Boehringer  Manheim)  to  each  dish  followed  by  a  5  minute  incubation  at 
room  temperature.  The  resulting  cell  lysate  was  frozen  and  thawed, 
incubated  at  37  °C  for  one  hour  and  then  centrifuged  at  13,000  RPM  in  a 
Beckman  Microfuge  (approx.  12,000  x  G)  for  30  minutes.  A  75  \i\  aliquot  of 
the  clarified  supernatant  was  mixed  with  125  \i\  of  dissociation  buffer  (RIPA 
buffer  containing  .1%  (w/v)  BSA  and  0.02%  (w/v)  NaN3)  and  5\i\  of  the  B5R 
anti-serum.  The  sample  was  then  incubated  at  4°C  for  3  hours. 

Following  the  three  hour  incubation  of  the  cell  and  supernatant 
fractions,  50  /il  of  protein  A-Sepharose  (a  1:1  slurry  of  PBS-0.02%  (w/v)  NaN3 
and  Sepharose  (a  mixture  of  protein  A-Sepharose  and  Sepharose  CL4  B 
(Pharmacia)  at  a  ratio  of  1:2))  was  added  to  each  sample  and  incubation  was 
continued  at  4°C  for  one  hour  while  the  samples  were  continuously  mixed. 
Following  this  incubation,  the  protein  A-sepharose  was  pelleted  by 
centrifugation  at  12,000  x  G  for  1  minute  and  the  supernatant  was  discarded. 
The  pellet  was  washed  three  times  with  dissociation  buffer  (RIPA  buffer  plus 
BSA  (1  mg/ml),  with  a  30  second  centrifugation  at  12,000  x  G  following  each 
wash,  and  the  final  pellet  was  resuspended  in  60  /il  of  IX  Laemmli  sample 
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buffer  (0.625  MTris-HCl  [pH  6.8]  (Fisher),  10%  (v/v)  glycerol  (GibcoBRL),  2% 
(w/v)  SDS  (Fisher),  0.7  M  2-mercaptoethanol  (Sigma)).  The  sample  was 
mixed,  boiled  for  3  minutes,  centrifuged  at  12,000  x  G  for  1  minute  to  pellet 
the  sepharose  and  the  supernatant  analyzed  by  SDS-PAGE. 

Polyacrylamide  Gel  Electrophoresis  (PAGE)  and  Autoradiography 

Protein  samples  solubilized  in  Laemmli  sample  buffer  were  heated  in  a 
boiling  water  bath  for  three  minutes  and  separated  in  10%  (w/  v)  SDS- 
polyacrylamide  slab  gels  according  to  the  method  of  Laemmli  (125).  Gels  were 
run  at  3.75  V/cm.  Following  electrophoresis,  gels  to  be  used  for 
autoradiography  were  soaked  in  2  gel- volumes  of  fixing  solution  (  15%  (v/v) 
acetic  acid,  25%  (v/v)  methanol  in  distilled  water  )  (Fisher)  for  15  minutes 
followed  by  two  30  minute  incubations  in  2  volumes  of  DMSO.  The  gel  was 
then  infused  with  PPO  (2,5-diphenyl-oxazole)(Sigma)by  incubation  in  13% 
(w  /  v)  PPO  in  DMSO  for  30  minutes  after  which  time  the  DMSO  was  removed 
by  a  one  hour  incubation  in  continuously  running  water.  Following  removal 
of  the  DMSO,  the  gel  was  dried  using  a  Savant  slab  gel  dryer,  wrapped  in 
plastic  film,  placed  against  Kodak  X-Omat  film  and  stored  at  -70°C. 

Western  Blot  Analysis 


Following  separation  of  viral  proteins  by  electrophoresis  in  a  10% 
(w/  v)  SDS-polyacrylamide  slab  gel,  the  gel  was  soaked  in  two  gel-volumes  of 


transfer  buffer  (0.025  M  Tris,  0.192  M  glycine,  20%  (v/ v)  MeOH)  after  which 
the  proteins  were  transferred  to  nitrocellulose  following  the  method  of 
Towbin  (125).  Briefly,  the  gel  was  held  tightly  against  a  Hybond  N 
nitrocellulose  membrane  (Amersham)  using  a  BioRad  western  blot  gel 
holder  cassette,  and  the  proteins  were  electrophoresed  from  the  gel  to  the 
membrane  in  transfer  buffer  at  250  mA  for  3  hours  using  a  BioRad  Trans-blot 
Cell  (BioRad).  The  blot  was  incubated  for  one  hour  at  room  temperature  in 
PBS  containing  0.05%  (v/v)  Tween-20  (polyoxyethylene-sorbitan 
monolaurate)  (Sigma)  and  5  (w/  v)  %  bovine  serum  albumin  (BSA)  (Sigma) 
followed  by  an  overnight  incubation  at  room  temperature  in  PBS /Tween- 
20/ BSA  containing  B5R  anti-serum  at  a  dilution  of  1:5000.  The  PBS/Tween- 
20 /BSA  solution  containing  sera  was  removed  and  four  washes  (  1  x  15 
minutes,  3x5  minutes)  were  done  using  PBS /Tween-20  after  which  the  blot 
was  incubated  for  one  hour  at  room  temperature  in  PBS /Tween-20 /BSA 
containing  alkaline  phosphatase  linked  goat,  anti-rabbit  serum  at  a  dilution  of 
1:5000.  Following  this  incubation,  the  blot  was  washed  five  times  (1  x  20 
minutes,  4x5  minutes)  in  PBS /Tween-20,  and  detection  of  the  antibody 
complexes  was  accomplished  using  the  Enhanced  Chemiluminescence  Kit 
(Amersham)  according  to  the  manufacturer  specifications. 
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Glycosidase  Treatment  of  Proteins 

The  B5R  and  the  B5R-T  proteins  were  labeled  and  immunoprecipitated 
following  the  procedures  described  above;  however  after  the  final  wash  step, 
Laemmli  sample  buffer  was  not  added  to  the  final  pellet.  Instead  the 
immunoprecipitated  viral  protein,  complexed  to  the  sepharose/protein-A 
bead,  was  resuspended  in  25  \A  of  0.1  M  2-mercaptoethanol/ 1%  (w/ v)  SDS 
and  heated  to  boiling  for  5  minutes.  The  suspension  was  adjusted  to  0.125  M 
Tris-HCl  [pH8.0]  (Fisher),  0.1  M  2-mercaptoethanol  (Sigma),  0.25%  (w/v)  SDS 
(Fisher),  1.25%  (v/v)  NP-40,  5  jug/ ml  aprotinin  (Sigma)  in  a  final  volume  of 
100  fih  One  unit  of  peptide-N-glycosidase-F  (Boehringer  Manheim)  was 
added  after  which  the  sample  was  incubated  at  37°C  for  3  hours.  The 
suspension  was  then  mixed  with  25  ^il  of  5X  Laemmli  sample  buffer,  heated 
to  boiling  for  five  minutes  and  following  a  1  minute  centrifugation  at  12,000  x 
G,  the  proteins  present  in  the  supernatant  were  analyzed  by  SDS- PAGE. 

Sodium  Carbonate  Treatment  of  Virus 

CsCl  gradient-purified  EEV  or  IEV  particles  were  incubated  in  50  /il  of 
either  100  mM  Tris-HCl  [pH7.6]  or  100  mM  sodium  carbonate  (Na2C03  )[pH 
11.5]  for  30  minutes  on  ice  with  mixing  every  10  minutes  to  remove  non- 
integral  membrane  proteins.  Following  centrifugation  at  13,000  RPM  in  a 
Beckman  Microfuge  (approx.  12,000  x  G)  for  30  minutes  to  pellet  the  virus,  the 
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supernatant  was  removed  and  mixed  with  12  /d  of  5X  Laemmli  buffer.  The 
viral  pellet  was  resuspended  in  lx  Laemmli  buffer,  and  the  samples  were 
subject  to  SDS-PAGE  and  western  blot  analysis,  as  described  above. 


CHAPTER  III 

THE  INVOLVEMENT  OF  THE  RPV  B5R  PROTEIN  IN  HOST  RANGE, 
VIRULENCE  AND  INFLAMMATION 

Introduction 

The  poxviruses  comprise  an  extensive  family  of  large,  cytoplasmic, 
DNA  viruses.  Several  members  of  this  family  are  known  to  cause  a  severe 
and  often  fatal  disease  upon  infection  of  their  natural  host,  a  dramatic 
example  being  variola  virus,  the  causative  agent  of  human  smallpox.  A 
second  virulent  member  of  the  orthopox  genus  is  rabbitpox  virus.  This  virus 
was  first  isolated  from  infected  rabbits  housed  in  the  Rockefeller  Institute 
animal  breeding  facility  during  a  spontaneous,  lethal  epidemic  that  occurred 
in  1932  (84,86).  Infection  of  rabbits  with  RPV,  which  is  believed  to  have 
evolved  from  a  neurovirulent  strain  of  vaccinia  virus,  results  in  a 
disseminated  and  generally  lethal  infection  producing  symptomology  and 
pathology  similar  to  those  seen  in  smallpox.  The  production  of  a  lethal 
infection  combined  with  the  availability  of  a  convenient  host  make  this  virus 
attractive  for  use  in  studying  the  contribution  of  particular  proteins  to 
poxvirus-related  pathogenesis. 
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Several  animal  model  systems  have  been  developed  to  study  the 
involvement  of  individual  viral  proteins  in  viral  pathogenesis,  the  most 
common  systems  employed  being  intranasal  infection  of  mice,  scarification  of 
rabbits  (or  guinea  pigs)  and  infections  of  the  chorioallantoic  membrane 
(CAM)  of  the  11-day-old  chicken  embryo.  Intranasal  infection  of  mice  induces 
a  viral  pneumonia  resulting  in  generalized  illness,  the  severity  of  which 
increases  with  the  infectious  dose.  Weight  loss  is  used  as  convenient  and 
objective  measure  with  which  to  measure  the  progress  of  the  infection  since 
it  has  been  shown  to  correlate  with  the  severity  of  the  disease  (198).  If  the 
infectious  dose  is  high  enough,  death  of  the  animal  occurs  in  5-7  days  due  to  a 
virally  induced  pneumonia.  Unlike  infections  of  the  rabbit  (see  below),  in  the 
mouse  model,  there  is  no  need  for  spread  of  the  virus  from  the  initial  site  of 
infection,  in  this  case  the  lung,  and  death  results  from  damage  to  the  lung  as  a 
consequence  of  local  growth  of  the  virus  (198).  In  contrast,  the  death  of  rabbits 
following  infection  with  rabbitpox  virus  results  from  systemic  shock  as  a 
consequence  of  the  widespread  dissemination  and  damage  caused  by 
replication  of  the  virus  (26). 

The  evaluation  of  pock  color  on  the  CAM  is  also  a  well  established 
system  that  has  been  invaluable  for  studying  the  effects  of  viral  proteins  on 
the  host  inflammatory  response.  This  system  was  used  extensively  in  the 
past  for  isolation  and  characterization  of  the  CPV  crmA  protein,  which 
inhibits  the  IL-lfi  converting  enzyme  and  has  been  implicated  in  inhibition  of 
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the  host  inflammatory  response  (142,158).  In  contrast  to  the  red,  hemorrhagic 
pocks  of  wild-type  CPV,  viruses  unable  to  produce  the  crmA  protein  form 
white,  inflammatory  pocks  on  the  CAM.  These  white  pocks  have  been 
shown  to  be  impacted  with  heterophils  presumably  as  a  direct  result  of  the 
mutant's  inability  to  block  an  IL-mediated  inflammatory  response.  Support 
for  this  idea  has  come  from  work  demonstrating  phenotypic  reversion  of  the 
white  pocks  to  red  pocks  when  infections  are  done  in  the  presence  of  the  anti- 
inflammatory agent  dexamethasone  (70). 

The  establishment  of  an  infection  in  any  new  host  is  a  major  challenge 
facing  the  infecting  virus.  Not  only  must  the  virus  be  able  to  replicate  in  a 
wide  variety  of  cell  types  within  the  host,  but  it  must  also  be  able  to  spread  to 
uninfected  cells  in  the  presence  of  an  increasingly  hostile  host  response. 
Spread  of  virus  from  the  initial  site  of  infection  both  in  cell  culture  and  in  the 
animal  is  believed  to  be  mediated  by  the  enveloped  form  of  the  virus,  one  of 
two  forms  of  infectious  virus  produced  during  the  infection  (9,27,146).  The 
enveloped  virions  (CEV  and  EEV)  differ  from  intracellular  mature  virus 
(IMV)  in  that  they  are  wrapped  with  either  one  or  two  extra  membranes,  and, 
as  a  result,  the  enveloped  virions  contain  polypeptides  not  found  in  IMV. 
Deletion  of  the  genes  encoding  these  envelope  proteins  frequently  results  in  a 
selective  defect  in  the  synthesis  of  enveloped  virus  but  not  of  IMV.  Such 
mutants  produce  normal  amounts  of  IMV  but  produce  minuscule  plaques  in 
cell  culture  and  are  severely  attenuated  in  animals  (20,58,177). 


As  was  mentioned  above,  spread  of  virus  in  the  animal  must  occur  in 
the  presence  of  an  ever-increasing  host  immune  response.  The  severity  of 
the  infection  produced  by  poxviruses  demonstrates  that  these  viruses  have 
been  quite  successful  at  evolving  methods  for  evading  or  modifying  the  host 
response  to  the  infection.  In  recent  years  it  has  come  to  be  appreciated  that 
the  poxviruses  produce  several  proteins  which,  in  vitro,  are  capable  of 
neutralizing  critical  components  of  the  host  immune  system  (6,36,121). 
Several  of  these  proteins  have  been  shown  to  be  crucial  for  full  expression  of 
virus  virulence.  Many  of  these  virus-encoded  virulence  proteins  either  share 
homology  with  and /or  interact  directly  with  regulatory  components  of  the 
immune  system.  Examples  of  such  proteins  include  a  secreted  IL-lfi  receptor, 
a  secreted  TNF  receptor,  a  secreted  IFN-gamma  receptor,  a  secreted 
complement  factor  C4b  binding  protein  and  the  serine  protease  inhibitor  that 
inhibits  the  IL-16  converting  enzyme  (5,97,99,110,111,142,158,182,183,187). 

The  B5R  protein  of  RPV  is  yet  another  poxvirus  protein  for  which 
sequence  homology  with  components  of  the  host  immune  system  has  been 
observed  (57,100,218).  The  45  kDa  glycoprotein  is  produced  late  during  the 
infection  and  is  found  as  a  component  of  CEV  and  EEV  but  not  of  IMV.  In 
addition,  the  B5R  protein  is  found  in  the  supernatant  of  infected  cells  as  a 
smaller  secreted  protein  of  around  38  kDa  that  is  derived  by  cleavage  of  the 
larger  cellular  form  (119).  Examination  of  the  predicted  amino  acid  sequence 
of  the  B5R  protein  reveals  four  short  consensus  repeat  (SCR)  domains  of 
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approximately  60  amino  acids  each  making  B5R  a  member  of  the  SCR 
superfamily.  These  domains  are  illustrated  schematically  in  Figure  6  while 
an  alignment  of  the  SCR  domains  of  B5R  with  domains  from  several  other 
members  of  this  superfamily  is  shown  in  Figure  7.  Proteins  found  within  the 
SCR  superfamily  typically  possess  regulatory  activity,  the  majority  of  these 
proteins  being  involved  in  regulation  of  the  complement  cascade.  Database 
analysis  has  shown  that  B5R  shares  regions  of  homology  with  factor  H  and 
the  complement  C4b  binding  protein  both  of  which  are  proteins  that  act  to 
inhibit  complement  activation.  Since  one  consequence  of  complement 
activation  is  the  generation  of  an  inflammatory  response,  these  proteins  may 
be  viewed  as  negative  regulators  of  inflammation. 

Based  on  the  shared  homologies  with  complement  control  proteins,  it 
was  predicted  that  the  B5R  protein  of  RPV  would,  in  addition  to  its  role  as  a 
component  of  EEV,  act  as  a  virulence  factor  by  modulation  of  the  host 
inflammatory  response.  This  hypothesis  was  tested  by  construction  of  a  RPV 
B5R  null  mutant  (called  RPVAB5R)  and  analysis  of  this  mutant  in  cell  culture 
and  in  animals.  The  data  presented  within  this  chapter  shows  that  while 
RPVAB5R  is  indeed  attenuated  in  animals,  the  attenuation  observed  for  the 
B5R  null  mutant  does  not  result  from  an  enhanced  inflammatory  response. 
Instead,  the  argument  is  made  that  attenuation  of  RPVAB5R  results  from  a 
defect  in  the  morphogenesis  of  the  enveloped  forms  of  virus  a  phenotype 
that  can  be  demonstrated  in  cell  culture.  It  is  likely  that  this  defect  also  occurs 
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within  the  tissues  of  the  animal  resulting  in  failure  of  the  virus  to  spread 
leading  to  low  viral  titers  and  attenuation. 


Results 

Construction  of  the  B5R  Null  Mutant,  RPVAB5R 

A  detailed  description  of  the  construction  of  RPVAB5R  is  provided  in 
the  Materials  and  Methods  chapter.  Briefly,  the  gene  encoding  the  £.  coli. 
guanyl-ribosylphosphotransferase  (gpt)  protein,  under  control  of  the  poxvirus 
p7.5  promoter  (collectively  referred  to  as  the  gpt  cassette),  was  inserted  within 
a  cloned  copy  of  the  B5R  open  reading  frame  at  a  unique  EcoRV  restriction 
site  located  within  the  N-terminal  region  of  the  protein  (see  Figure  9).  The 
gpt  gene  confers  on  recombinant  viruses  which  carry  it  the  ability  to  replicate 
in  the  presence  of  the  purine  biosynthesis  inhibitor  mycophenolic  acid 
(MPA).  This  construction  scheme  also  placed  a  stop  codon  at  the  B5R-gpt 
junction  152  base  pairs  into  the  B5R  gene  ensuring  interruption  of  B5R 
translation.  The  B5R-gpt  construct  was  then  used  to  replace  the  wild-type 
copy  of  the  gene  in  the  RPV  genome  by  homologous  recombination  and 
recombinant  viruses  that  contained  the  gpt  cassette  were  purified  (see 
Materials  and  Methods).  Construction  of  RPVAB5R  was  initially  confirmed 
by  southern  blot  analysis  the  result  of  which  is  shown  in  Figure  12.  EcoRI 


Figure  12.  Construction  and  characterization  of  RPVAB5R.  (A)  Schematic 
representation  of  the  structure  of  the  B5R  gene  in  RPV  and  in  RPVAB5R  in 
which  the  B5R  ORF  is  disrupted  by  the  Ecogpt  cassette.  The  open  box 
represents  the  B5R  ORF;  the  hatched  box  represents  the  Ecogpt  cassette.  RL 
EcoRI;  RV,  EcoRV.  (B)  Southern  blot  analysis  of  RPV  and  RPVAB5R 
genomic  DNAs.  The  DNAs  were  digested  with  EcoRI  and  probed  with 
radiolabeled  B5R  gene  DNA. 
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restriction  fragments  from  either  RPV  and  RPVAB5R  genomic  DNA  were 
separated  by  electrophoresis  in  an  agarose  gel,  transferred  to  a  nitrocellulose 
membrane  and  hybridized  to  radiolabeled  B5R  DNA.  The  B5R  gene  contains 
a  single  internal  EcoRI  site,  located  approximately  150  bp  into  the  ORF  and  as 
expected,  Southern  analysis  of  DNA  from  RPV  resulted  in  two  fragments  of 
13.0  and  7.5  kbp  (lane  1).  Incorporation  of  the  2.0  kbp  gpt  cassette,  which  is 
free  of  EcoRI  sites,  should  result  in  a  2.0  kbp  shift  in  the  13.0  kbp  EcoRI 
fragment  of  the  B5R  gene.  This  is  exactly  what  was  observed;  the  13.0  B5R 
fragment  was  shifted  to  15.0  kbp  in  DNA  purified  from  RPVAB5R  indicating 
insertion  of  the  gpt  cassette  into  the  B5R  gene  (lane  2). 

Failure  of  RPVAB5R  to  produce  the  B5R  protein  was  confirmed  by 
western  blot  analysis.  Figure  13  shows  the  results  of  an  immunoblot  analysis 
of  RPV  and  RPVAB5R  infected  cell  extracts  and  clarified  supernatants  using 
polyclonal  anti-B5R  sera.  As  expected,  the  anti-B5R  antisera  detected  a  45  kDa 
protein  and  a  38  kDa  protein  in  RPV  infected  cell  extracts  (lane  1)  and 
supernatant  from  these  cells  (lane  2),  respectively.  The  38  kDa  protein 
represents  the  smaller,  secreted  form  of  the  B5R  protein.  In  contrast  to 
fractions  from  RPV  infected  cells,  no  protein  was  detected  in  either  cellular  or 
supernatant  fractions  (lane  3  and  4,  respectively)  from  RPVAB5R  infected 
cells. 


Figure  13.  Analysis  of  RPV  and  RPVAB5R  infected  cell  extracts  and 
supernatants  for  the  presence  of  the  B5R  protein.  Western  blot  analysis  was 
performed  on  cell  (lanes  1  and  3)  and  supernatant  (lanes  2  and  4)  fractions 
from  RK-13  cells  infected  at  a  high  m.o.i.  with  either  RPV  (lanes  1  and  2)  or 
RPVAB5R  (lanes  3  and  4).  Samples  were  prepared  as  described  in  Materials 
and  Methods. 
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Host  Range  and  Plaque  Morphology  of  RPVAB5R 

The  original  work  reporting  the  isolation  of  the  vaccinia  (Lister  strain) 
ps/hr  gene  (the  B5R  homolog  in  that  virus)  showed  that  the  plaques 
produced  on  RK-13  cells  by  viruses  containing  a  naturally  occurring 
frameshift  mutation  in  this  gene  were  smaller  in  size  than  those  produced  by 
RPV  (195).  In  addition,  these  mutants  were  shown  to  be  unable  to  plaque  on 
Vero  cells.  Since  the  RPV  B5R  gene  is  not  one-hundred  percent  homologous 
with  the  ps/hr  protein  of  VV(Lister)  and  since  proteins  may  behave 
differently  in  different  virus  backgrounds,  it  was  of  interest  to  see  if 
interruption  of  the  RPV  B5R  gene  resulted  in  similar  host  range  and  plaque 
size  alterations.  To  test  this  hypothesis,  the  ability  of  RPVAB5R  to  form 
plaques  was  compared  with  that  of  RPV  on  several  cell  lines  including  RK-13 
cells,  Vero  cells  and  primary  chicken  embryo  fibroblasts  (CEFs).  The  results, 
shown  in  Figure  14,  are  in  agreement  with  those  reported  for  the  VV  B5R 
mutant.  Not  only  did  RPVAB5R  fail  to  form  plaques  on  Vero  cells,  it  also 
failed  to  form  plaques  on  PK-15  cells,  CEFs  and  QT-6  (quail  carcinoma)  cells. 
In  the  remaining  cell  lines  tested  (RK-13,  CV-1  and  Rat-2  cells),  RPVAB5R  was 
able  to  form  plaques,  however,  these  plaques  were  consistently  smaller  than 
those  formed  by  RPV  in  these  same  cell  lines,  again  in  agreement  with  what 
was  reported  for  the  W(Lister)  ps/hr  (B5R  homolog)  mutant. 


Figure  14.  Plaque  formation  of  RPV  and  RPVAB5R  on  various  cell  lines.  Cell 
were  infected  with  either  RPV  or  RPVAB5R,  and  plaques  were  allowed  to 
develop  for  96  hours  at  37°C  after  which  the  monolayers  were  stained  with 
crystal  violet  (0.01  %  (w/v)  in  5%  (v/v)  ethanol). 
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The  B5R  Protein  is  Necessary  for  Enveloped  Virus  Production 

There  are  several  possible  explanations  for  the  failure  of  RPVAB5R  to 
plaque  on  CEFs.  One  possibility  is  that  the  mutation  results  in  a  complete 
inhibition  of  all  virus  growth  in  the  non-permissive  cells.  However,  this  was 
ruled  out  since  although  RPVAB5R  was  unable  to  form  plaques  on  CEFs,  the 
pattern  of  viral  protein  synthesis  in  RPVAB5R  infected  CEFs  appeared  normal 
(Martinez-Pomares,  L.,  unpublished  data).  Another  possibility  is  that  loss  of 
B5R  function  results  in  a  defect  in  the  basic  pathway  of  virion 
morphogenesis.  Still  a  third  possibility  was  that  virion  production  was 
normal,  however,  the  virions  produced  were  non-infectious.  To  determine  if 
B5R  function  is  linked  to  virus  morphogenesis,  RPVAB5R  was  examined  for 
its  ability  to  produce  virus  particles  in  both  permissive  and  non-permissive 
cells.  RK-13  cells  were  chosen  for  use  as  permissive  cells  since  the  plaques 
formed  by  the  mutant  were  largest  in  this  cell  line,  suggesting  that  deletion  of 
B5R  had  only  minor  effects  in  these  cells.  Although  RPVAB5R  failed  to  form 
plaques  on  several  cell  lines,  CEF  cells  were  chosen  as  the  non-permissive  cell 
line.  Since  the  plaques  formed  by  RPV  are  intrinsically  larger  in  CEF  cells 
than  in  any  of  the  other  non-permissive  cell  lines,  it  was  thought  that  the 
failure  of  RPVAB5R  to  plaque  at  all  on  CEF  cells  indicates  that  any  defect  in 
virus  particle  production  would  be  greatest  in  these  cells.  Cells  were  infected 
at  a  high  m.o.i.,  and  the  newly  synthesized  viral  DNA  was  labeled  with  [3H]- 
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thymidine  as  described  in  Materials  and  Methods.  At  48  hours  post-infection, 
the  virus  present  in  the  supernatant  (EEV)  and  the  cellular  associated  virus 
(IEV  and  IMV)  were  analyzed  by  separation  of  the  various  forms  of  virus  on 
CsCl  gradients.  The  level  of  virus  present  was  estimated  by  quantitation  of 
the  amount  of  radioactive  DNA  present  in  fractions  from  these  gradients. 

As  can  be  seen  in  Figure  15,  in  the  permissive  cell  line  (RK-13  cells), 
RPV  and  RPVAB5R  produced  identical  amounts  of  IMV  and  EEV.  However, 
the  mutant  appeared  to  be  somewhat  impaired  in  its  ability  to  produce  IEV, 
judging  from  the  difference  in  the  height  of  the  peaks  in  fraction  9  which 
represents  IEV.  Overall  while  there  was  approximately  a  twenty-five  percent 
reduction  in  total  virus  yield,  which  correlated  with  the  slightly  decreased 
plaque  size  in  this  cell  line,  virus  production  was  relatively  normal. 

The  picture  was  dramatically  different  in  non-permissive  cells  (CEFs). 
The  amount  of  IMV  produced  by  RPVAB5R  was  roughly  half  that  produced 
by  RPV.  More  significantly,  while  RPV  produced  large  amounts  of  enveloped 
virus,  virtually  no  enveloped  virus,  either  EEV  or  IEV,  was  formed  in 
RPVAB5R-infected  cells.  Since  enveloped  virus  is  needed  for  cell  to  cell 
spread  (21),  the  inability  of  RPVAB5R  to  form  plaques  on  this  cell  line  could 
be  attributed  to  this  defect  in  enveloped  virus  production. 

Behavior  of  RPVAB5R  on  the  CAM 


As  previously  described,  the  predicted  amino  acid  sequence  of  RPV 
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B5R  shares  homology  with  several  regulatory  proteins  of  the  complement 
cascade  (57,100,119,195).  These  homologies  suggest  that  the  B5R  protein  may 
inhibit  complement  activation  in  a  manner  analogous  to  that  of  the  viral  C4b 
binding  protein  (99,110,111).  Since  one  consequence  of  complement 
activation  is  the  generation  of  an  inflammatory  response  (80,210),  it  was 
hypothesized  that  the  B5R  protein  may  have  a  role  in  inhibiting 
inflammation.  If  this  were  so,  then  null  mutants  of  B5R  might  be  expected  to 
behave  like  null  mutants  of  crmA,  a  known  inhibitor  of  inflammation,  and 
generate  white  pocks  on  the  CAM  (142,158).     The  importance  of  complement 
as  a  part  of  the  antiviral  response  of  the  host  in  this  system  has  been 
demonstrated  by  work  showing  that  complement  depletion  of  the  11  day-old 
chicken  embryo  results  in  an  altered  pock  morphology  on  the  CAM  (138).  To 
examine  the  involvement  of  the  B5R  protein  in  the  abrogation  of  host 
defenses,  the  behavior  of  RPVAB5R  on  the  was  evaluated  on  the  CAM.  As 
can  be  seen  in  Figure  16,  in  contrast  to  the  red,  hemorrhagic  pocks  produced 
by  RPV,  RPVAB5R  produced  smalkwhite,  non-hemorrhagic  pocks  similar  to 
the  pocks  produced  by  CPV  crmA  mutants.  This  result  demonstrates  that  the 
B5R  protein  is  necessary  for  red,  hemorrhagic  pock  formation  and  suggests 
that  B5R,  like  crmA,  might  be  involved  in  the  modulation  of  inflammation. 

Attenuation  of  RPVAB5R  in  Rabbits 


The  data  obtained  on  the  CAM  suggested  that  the  B5R  protein  has  a 
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role  in  modulation  of  the  host  inflammatory  response,  and  as  a  consequence, 
might  have  a  role  in  virulence  of  the  virus.  To  gain  a  better  understanding  of 
the  importance  of  this  protein  in  virulence  during  infection  of  an  animal,  the 
ability  of  RPV  and  RPVAB5R  to  cause  disease  in  rabbits  was  compared. 
Rabbits,  which  are  considered  to  be  the  natural  host  for  RPV,  are  exquisitely 
sensitive  to  infection  with  RPV,  and  a  lethal  infection  can  usually  be  initiated 
by  intradermal  injection  of  a  single  pfu.  The  progress  of  the  infection  in  these 
animals  can  easily  be  followed  by  monitoring  the  increase  in  body 
temperature  as  well  as  by  noting  the  secondary  signs  of  infection  which 
develop  such  as  nasal  discharge,  dyspnea  and  the  appearance  of  secondary 
/  satellite  lesions  which  are  indicative  of  viremia.  The  data  in  Figure  17 
compare  the  febrile  response  resulting  from  intradermal  injection  of  rabbits 
with  either  RPV  or  RPVA  B5R,  while  the  data  contained  in  Table  2  compare 
overt  clinical  symptoms.  All  animals  infected  with  RPV  developed 
significant  induration  at  the  site  of  inoculation  beginning  two-days  post- 
infection, which  generally  increased  throughout  the  course  of  the  infection. 
RPV  infected  animals  (Figure  17a)  also  showed  a  sharp  increase  in  body 
temperature  (pyrexia)  beginning  approximately  two  days  post-inoculation  and 
persisting  until  death  or,  in  the  twenty-five  to  fifty  percent  of  the  animals 
which  survived,  until  approximately  10  days  post-inoculation. 

In  contrast,  rabbits  infected  with  RPVAB5R  (Figure  17b  )  showed  no 
significant  increase  in  body  temperature  at  any  time  during  the  infection.  In 
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addition,  there  was  no  viremia  and  few  if  any  symptoms  of  clinical  disease  in 
these  animals  (Table  2).  Although  there  was  some  induration  present  in 
these  animals  at  the  site  of  inoculation,  the  indurated  area  was  much  less 
significant  than  that  seen  in  the  RPV  infected  animals  (data  not  shown).  In 
addition,  unlike  the  induration  observed  in  RPV  infected  animals  which 
increased  throughout  the  experiment,  the  induration  generated  by  RPVAB5R 
began  decreasing  on  day  6  post-inoculation  and  had  usually  resolved  by  day 
12.  The  data  was  in  agreement  with  that  obtained  from  the  CAM  and  showed 
that  loss  of  B5R  activity  resulted  in  complete  attenuation  even  in  an  animal 
that  is  normally  extremely  sensitive  to  infection  by  RPV. 

Histopathology  of  the  Primary  Lesions  Produced  by  RPV  and  RPVAB5R 

The  results  obtained  so  far  show  that  the  B5R  protein  is  indeed 
necessary  for  full  virulence  of  RPV  and  further,  they  suggest  that  the  protein 
might  be  involved  at  the  level  of  suppression  of  the  inflammatory  response. 
If  failure  to  suppress  the  inflammatory  response  was  the  cause  of  attenuation 
of  RPVAB5R  observed  in  rabbits,  then  one  might  expect  to  see  an 
enhancement  of  inflammatory  cell  infiltrate  within  the  lesions  produced  by 
RPVAB5R  in  rabbits.  To  test  this  hypothesis,  a  histological  examination  was 
made  of  the  primary  lesions  resulting  from  intradermal  infection  of  rabbits 
with  500  p.f.u.  of  either  RPV  or  RPVAB5R.  Samples  of  this  tissue  are  pictured 
in  Figure  18.  while  the  major  pathological  features  are  summarized  in  Table 
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3.  Intradermal  injection  of  PBS  (Figure  18a)  had  little  effect  on  the 
surrounding  dermal  tissue.  There  was  virtually  no  cell  necrosis  and  these 
sections  were  almost  entirely  free  of  inflammatory  cells.  Skin  sections  from 
RPV  induced  lesions  however,  showed  major  pathological  changes  (Figure 
18b).  The  epidermis  showed  severe  vacuolization  together  with  necrosis  that 
extended  through  the  dermis  and  into  the  skeletal  muscle  bundles  at  the  deep 
border  of  the  sections.  An  extensive  inflammatory  cell  infiltrate  was 
observed  throughout  the  lesion  extending  from  the  epidermis  down  to  and 
into  the  skeletal  muscle  bundles.  A  considerable  amount  of  hemorrhage, 
infiltrated  by  neutrophils  and  occasional  macrophages,  was  present  within 
the  dermis,  and  the  collagen  in  this  area  was  reduced  to  granular  fragments. 
In  stark  contrast  to  the  pathology  produced  by  RPV,  injection  of  RPVAB5R 
failed  to  produce  significant  pathological  alterations  at  the  site  of  inoculation 
(fig.  18c).  While  the  area  showed  slight  induration,  presumably  due  to  a 
minor  degree  of  edema,  there  was  only  occasional  necrosis  within  this  area 
and  only  a  small  number  of  neutrophils  could  be  found  within  the  dermis. 
Injection  of  larger  numbers  of  virus  (50000  p.f.u.)  resulted  in  the 
development  of  a  more  severe  pathology  by  both  RPV  and  RPVAB5R; 
however,  again,  the  damage  and  resulting  inflammatory  response  were  both 
greatly  reduced  in  the  RPVAB5R  infected  animals  (Table  3).  The  data 
indicated  that,  contrary  to  what  was  observed  on  the  CAM,  the  inflammatory 
response  to  RPVAB5R  in  rabbits  was  not  enhanced  in  comparison  to  that 
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elicited  by  RPV  but,  in  fact,  was  diminished  in  its  intensity.  These  results 
could  be  explained  by  the  reduced  growth  of  the  RPVAB5R  virus. 

Attenuation  of  RPVAB5R  in  Mice 

The  extreme  sensitivity  of  rabbits  to  lethal  infection  with  RPV,  as  well 
as  their  non-clonal  nature,  makes  the  determination  of  an  LD50  for  the  virus 
in  rabbits  impractical.  To  more  accurately  quantitate  the  extent  of  RPVAB5R 
attenuation,  the  LD5q  for  this  mutant  was  measured  (by  the  method  of  Reed 
and  Muench  (159))  in  a  mouse  intranasal  infection  model  in  which  weight 
loss  and  the  mortality  rate  are  used  to  gauge  the  virulence  and  lethality  of  the 
virus  (23).  The  results  of  this  experiment  are  illustrated  in  Figure  19.  Mice 
inoculated  with  RPV  lost  weight  in  a  dose  dependent  manner,  and  death, 
resulting  from  the  viral  infection,  occurred  in  animals  infected  with  doses 
greater  than  105  pfu  yielding  an  LD50  for  RPV  of  105.6  pfu  (Fig.  19a).  In 
contrast,  inoculation  of  mice  with  identical  doses  of  RPVAB5R  resulted  in 
either  minimal  or  no  weight  loss  (Fig.  19b).  No  deaths  ever  resulted  from 
infection  of  mice  with  RPVAB5R,  even  following  inoculation  of  the  animals 
with  doses  as  high  as  108  pfu  (data  not  shown).  The  LD50  for  RPVA  B5R  can 
therefore  be  estimated  to  be  at  least  one  thousand  fold  greater  than  the  LD50 
for  RPV.  As  with  the  previous  results,  the  data  illustrates  the  importance  of 
the  B5R  protein  for  full  virulence. 
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Histopathology  of  RPV  and  RPVAB5R  Infected  Lungs 

The  observation  that  RPVAB5R  was  severely  attenuated  in  mice  was 
consistent  with  the  results  obtained  with  this  mutant  in  rabbits.  To 
determine  if  the  lungs  of  these  animals  exhibited  the  same  lack  of 
inflammation  observed  in  the  RPVAB5R  infected  rabbits  tissues,  a 
histological  examination  of  lungs  from  infected  mice  was  performed  four 
days  after  intranasal  infection  with  either  RPV,  RPVAB5R  or  RPVASPI-2 
(crmA).  Lungs  from  the  ASPI-2  (crmA)  infected  mice  were  included  as  a 
positive  control  with  which  to  make  comparisons,  since  the  SPI-2  protein  has 
been  shown  to  suppress  the  host  inflammatory  response  in  chickens.  Sample 
sections  from  all  lungs  are  shown  in  Figure  20  while  the  major 
histopathological  features  are  summarized  in  Table  4.  As  expected,  the  lungs 
from  PBS  treated  mice  were  normal  and  showed  no  evidence  of  necrosis, 
edema  or  inflammatory  cell  infiltrate  (Figure  20a).  However,  infection  with 
either  RPV  (20b)  or  RPVASPI-2  (Figure  20d)  resulted  in  the  development  of 
periarteriolar,  peribronchiolar  and  alveolar  edema.  In  addition,  necrosis  of 
peribronchiolar  epithelial  cells  was  noted  in  these  lungs.  Both  RPV  and 
RPVASPI-2  infected  lungs  contained  a  mixed  (neutrophilic  and  lymphocytic) 
inflammatory  cell  infiltrate;  however,  as  was  expected,  the  response  was  more 
severe  in  RPVASPI-2  infected  lungs.  In  contrast  to  lungs  from  RPV  and 
RPVASPI-2  infected  animals,  lungs  from  RPVAB5R  infected  mice  showed  no 
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evidence  of  either  edema  or  necrosis  (Figure  20c).  In  addition,  a  mixed 
inflammatory  cell  infiltrate,  similar  to  that  observed  in  the  RPV  infected 
lungs,  was  noted  in  the  RPVAB5R  infected  lungs.  The  degree  of 
inflammatory  cell  infiltrate  present  in  these  lungs  was  mildly  increased  in 
comparison  to  RPV  although  it  was  not  as  severe  as  the  infiltration  observed 
in  RPVASPI-2  infected  tissue.  These  observations  are  consistent  with  the 
hypothesis  that  the  severe  attenuation  of  RPVAB5R  in  mice  is  not  due  to  a 
large  increase  in  the  inflammatory  response. 

Growth  of  RPVAB5R  in  the  Mouse  Lung 

The  studies  performed  in  animals  up  to  this  point  suggested  that  the 
attenuation  of  RPVAB5R  does  not  result  from  a  dramatic  increase  in 
inflammation  at  the  site  of  inoculation.  In  addition,  the  data  from  the  cell 
culture  experiments  demonstrated  that  deletion  of  the  B5R  gene  resulted  in  a 
cell  line-dependent  defect  in  extracellular  enveloped  virus  production, 
resulting  in  an  altered  host  range.  If  a  similar  host  range  restriction  occurs  in 
infected  animals,  the  decreased  viral  growth  could  explain  the  severe 
attenuation  observed.  To  measure  the  ability  of  RPVAB5R  to  grow  in  a 
localized  environment  within  the  animal,  the  ability  of  RPV  and  RPVAB5R 
to  grow  in  the  mouse  lung  was  determined.  Mice  were  infected  intranasally 
with  a  lethal  dose  (106  pfu)  of  either  RPV  or  RPVASPI-2,  and  virus  growth 
was  followed  by  measuring  the  viral  titers  in  the  animals  lung  at  various 
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times  throughout  the  course  of  the  infection.  As  shown  in  Figure  21,  the 
titers  of  virus  in  the  lungs  of  RPV  infected  animals  rapidly  increased  to  yield 
a  titer  of  108  pfu/lung  on  day  5  post-infection.  In  contrast,  the  yield  of  virus 
in  RPVAB5R  infected  animals  was  approximately  100  fold  lower  when 
compared  to  the  wt  RPV  infected  group,  correlating  with  the  diminished 
weight  loss  and  morbidity  observed  in  these  animals.  Although  the  level  of 
RPVAB5R  produced  was  much  less  than  that  of  RPV,  comparison  of  the  final 
titer  of  RPVAB5R  with  that  seen  at  time  0  in  RPVAB5R  infected  animals 
shows  a  small  but  reproducible  increase  in  titer,  demonstrating  that  the 
mutant  is  able  to  grow,  to  some  extent,  in  the  mouse  lung. 

Effect  of  an  Anti-inflammatory  Drug  on  Virus  Replication  in  Mice 

The  data  obtained  from  infection  of  the  chicken  embryo  demonstrated 
that  RPVAB5R  produced  white  pocks  on  the  CAM.  These  white  pocks 
appeared  similar  to  the  pocks  produced  by  a  SPI-2  null  mutant  of  either  RPV 
or  CPV  which  have  been  shown  to  be  the  result  of  an  enhanced  host 
inflammatory  response  (70,141,142).  However,  no  such  inflammatory 
response  was  observed  in  infected  rabbit  tissue  and  only  a  slight  increase  in 
inflammation  was  observed  in  the  mouse.  To  ascertain  if  the  decreased  yield 
of  virus  observed  in  the  lung  of  RPVAB5R  infected  mice  was  due  to  the  mild 
increase  in  the  host  inflammatory  response,  a  determination  was  made  of  the 
ability  of  the  B5R  null  mutant  to  replicate  in  animals  in  which  the 


Figure  21.  Growth  of  RPV  and  RPVAB5R  in  mouse  lung.  Mice  (four  per 
virus)  were  infected  intranasally  with  106  pfu  0f  either  RPV  (•)  or  RPVAB5R 
(O).  At  the  times  indicated,  lungs  were  removed  and  the  amount  of  virus 
present  was  measured  by  determination  of  titers  on  RK-13  cells. 
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inflammatory  response  had  been  chemically  suppressed.  Suppression  of  the 
inflammatory  response  in  these  mice  was  achieved  by  treatment  of  the  mice 
prior-to  and  throughout  the  course  of  the  experiment  twice-daily  with 
dexamethasone,  a  known  and  potent,  anti-inflammatory  agent  (see  Materials 
and  Methods).  Suppression  of  inflammation  was  confirmed  by  measuring 
the  reduction  in  phorbol  ester-induced  ear  swelling  (201)  in  dexamethasone- 
treated  animals  as  is  shown  in  Figure  22a.  Mice  treated  with  dexamethasone 
showed  a  dramatic  decrease  in  inducible  ear-swelling  when  compared  to 
untreated  mice  indicating  that  the  drug  was  acting  as  expected.  In  addition, 
inhibition  of  inflammatory  cell  infiltration  by  dexamethasone  was  confirmed 
by  histological  examination  of  treated  and  untreated  infected  lungs  (data  not 
shown).  To  determine  the  effect  of  dexamethasone  treatment  on  virus 
growth,  the  level  of  virus  present  in  the  lungs  of  control  and  dexamethasone- 
treated  infected  animals  was  determined  by  plaque  assay  at  4,  6,  and  8  days 
post-inoculation.  The  results  of  this  experiment  are  shown  in  Figure  22b. 
The  total  amount  of  virus  present  in  the  lungs  of  infected,  untreated  animals 
was  similar  to  that  seen  in  the  previous  experiment,  with  RPV  infected 
animals  producing  2-3  orders  of  magnitude  more  virus  than  RPVAB5R 
infected  animals.    Dexamethasone-induced  suppression  of  the  host 
inflammatory  response  did  not  alter  the  amount  of  virus  produced  in  either 
RPV  or  RPVAB5R  infected  animals  at  day  4  following  infection  although 
viral  load  decreased  at  a  slower  rate  through  day  8  in  the  dexamethasone 


Figure  22.  Effects  of  dexamethasone  in  mice.  (A)  Change  in  phorbol  ester- 
induced  ear  swelling  (inflammation).  Mice  were  either  left  untreated  or  were 
treated  twice-daily  with  dexamethasone  as  described  in  Material  and  Methods. 
On  the  fourth  day  of  treatment,  ear  swelling  was  induced  in  untreated  (black 
bar)  and  dexamethasone  treated  (grey  bar)  mice  by  the  application  of  croton  oil 
to  one  ear.  Ear  thickness  was  measured  four-hours  after  application  of  croton 
oil.  (B)  Effect  of  dexamethasone  on  viral  titers  in  mice.  Four  mice,  either 
untreated  (open  symbols)  or  dexamethasone  treated  (closed  symbols)  were 
infected  with  104  5  pfu  of  either  RPV  (circles)  or  RPVAB5R  (triangles).  At  the 
specified  times,  the  amount  of  virus  present  in  the  lungs  was  measured  by 
determination  of  the  titers  on  RK-13  cells.  Error  bars  are  shown,  although  for 
some  samples  are  insignificant. 
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treated  mice.  From  this  data,  it  was  concluded  that  suppression  of  the 
inflammatory  response  did  not  alter  the  ability  of  RPVAB5R  to  replicate  in 
this  environment. 

Measurement  of  Viral  Yields  in  Co-infected  Mice 

Although  the  results  from  the  previous  experiment  indicated  that  the 
dexamethasone-sensitive  steps  of  the  inflammatory  response  are  not 
responsible  for  the  decreased  viral  yields  observed  in  RPVAB5R  infected 
animals,  it  remained  formally  possible  that  the  B5R  protein  acted  on  some 
component  of  the  immune  system  not  affected  by  dexamethasone.  This 
possibility  was  tested  by  determining  whether  B5R  protein  present  in  the 
mouse  lung  could,  in  some  way,  alter  the  environment  of  the  lung  and  allow 
for  increased  production  of  RPVAB5R;  in  other  words,  could  RPV  achieve  a 
physiological  localized  complementation  of  the  B5R  mutation.  To  test  this 
possibility  mice  were  infected  with  either  RPVAB5R,  RPV  or  an  equal 
mixture  of  the  two  viruses,  and  the  resulting  yields  of  each  virus  were 
measured  at  4  and  6  days  following  infection.  Since  the  RPVAB5R  mutant 
contains  the  gene  for  the  E.coli  guanyl-ribosylphosphotransferase  (gpt),  the 
levels  of  this  virus  in  the  co-infected  lung  can  be  distinguished  from  that  of 
RPV  by  performing  plaque  assays  in  the  presence  or  absence  of  mycophenolic 
acid.  The  results  of  this  experiment  are  shown  in  Table  5.  Lungs  removed 
from  animals  infected  solely  with  either  RPV  or  RPVAB5R  contained  levels 
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of  virus  similar  to  those  seen  in  previous  experiments  at  both  4  and  6  days 
following  infection,  when  the  titers  were  determined  in  the  absence  of 
mycophenolic  acid.  Determination  of  the  level  of  virus  present  in  the  lungs 
of  both  of  these  singly  infected  groups  in  the  presence  of  MPA  gave  the 
expected  results:  i.e.  lung  samples  from  RPV-infected  animals  produced  no 
plaques  in  the  presence  of  MPA  whereas  samples  from  RPVAB5R-infected 
animals  produced  the  same  number  of  plaques  in  the  presence  of  MPA  as 
were  produced  in  the  absence  of  the  drug. 

When  titers  from  lung  samples  of  the  co-infected  mice  were 
determined  in  the  absence  of  MPA  the  level  of  total  virus  was  similar  to  that 
seen  in  animals  infected  with  RPV  alone.  Titration  of  these  samples  in  the 
presence  of  MPA  to  determine  the  level  of  RPVAB5R  virus  in  co-infected 
lungs  revealed  that  co-infection  of  the  lung  with  RPV  had  no  effect  on 
RPVAB5R  levels.  In  all  cases,  the  low  level  of  RPVAB5R  in  the  co-infected 
lung  was  identical  to  that  found  in  the  lung  of  animals  infected  with 
RPVAB5R  alone.  This  result  indicates  that  the  B5R  protein  is  unable  to  affect 
the  localized  environment  of  the  lung  in  a  way  that  results  in  enhanced 
growth  of  the  RPVAB5R  mutant.  The  data  further  supports  the  conclusion 
that  attenuation  of  RPVAB5R  does  not  result  from  an  inability  to  suppress  the 
inflammatory  response. 
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The  Nature  of  the  Pocks  Produced  by  RPVAB5R 

The  data  obtained  from  the  rabbit  experiments  showed  that  attenuation 
of  RPVAB5R  in  this  animal  did  not  result  from  enhancement  of  the  host 
inflammatory  response.  In  addition,  inflammation  was  also  ruled  out  as  the 
cause  of  the  severe  attenuation  of  this  mutant  in  mice.  These  results  were  in 
apparent  contrast  to  the  results  of  work  showing  that  RPVAB5R  produced 
white  pocks  on  the  CAM,  the  formation  of  which  by  CPVASPI-2  has  been 
shown  to  be  the  result  of  inflammation  (70,140,142,155).  This  apparent 
discrepancy  resulted  in  further  investigation  into  the  nature  of  the  RPVAB5R 
white  pocks.  If  the  formation  of  white  pocks  by  RPVAB5R  resulted  from 
failure  to  suppress  inflammation,  then  these  pocks  should  contain 
heterophils,  as  has  been  demonstrated  for  CPVASPI-2  (142).  A  simple  test  for 
the  presence  of  activated  heterophils  involves  staining  membranes  with 
nitro-blue  tetrazolium  (NBT)  which  is  a  compound  that  is  reduced  to 
formazan  by  free-oxygen  radicals  produced  by  heterophils  present  in  the 
lesions.  NBT  treatment  of  the  white  pocks  produced  by  crmA  (or  SPI-2)  of 
CPV  (or  RPV)  mutants  has  been  shown  to  cause  these  pocks  to  turn  dark  blue 
as  NBT  is  reduced  by  the  heterophil-generated  oxygen  radicals  (140).  The 
ability  of  the  RPVAB5R  white  pocks  to  react  with  NBT  was  tested.  Eggs  were 
infected  with  either  RPV,  RPVAB5R  or  RPVASPI-2  as  previously  described. 
After  3  days  of  incubation,  the  CAMs  were  removed,  incubated  in  PBS 
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containing  NBT  and  analyzed  for  reduction  of  NBT  to  formazan.  As  can  be 
seen  in  Figure  23  (upper  panel),  as  expected,  RPV  produced  red  pocks  while 
RPVAB5R  and  RPVASPI-2  produced  white  pocks.  When  the  infected  CAMs 
were  incubated  with  NBT,  a  dramatic  difference  was  observed  between  the 
two  mutants  (Figure  23,  lower  panel).  The  white  pocks  resulting  from 
infection  with  RPVASPI-2  reacted  with  the  NBT  and  turned  dark  blue, 
consistent  with  the  presence  of  activated  heterophils  in  these  pocks  (142). 
However,  the  white  pocks  produced  by  RPVAB5R  remained  white,  showing 
only  a  small  degree  of  staining  even  after  prolonged  periods  of  incubation. 
The  RPV  pocks  also  did  not  turn  blue  and  were  unaffected  by  treatment  with 
NBT.  These  results  suggest  that  the  white  pocks  produced  by  RPVAB5R  do 
not  contain  activated  heterophils  and  are  therefore  fundamentally  different 
in  nature  then  the  white  pocks  produced  by  SPI-2  mutants. 

Histopathology  of  the  Chorioallantoic  Membrane 

To  confirm  the  results  obtained  by  NBT  detection  of  heterophils,  a 
histological  analysis  was  performed  on  pocks  from  RPV  or  RPVAB5R-infected 
CAMs.  The  results  are  shown  in  Figure  24  while  the  pathological  features  are 
summarized  in  Table  6.  As  expected,  uninfected  membranes  showed  no 
pathology  and  were  free  of  heterophils.  Infection  with  RPV,  however, 
resulted  in  marked  proliferation  of  both  the  chorionic  epithelial  cells  and  the 
fibroblast  cells  of  the  stroma.  The  epithelium  in  this  region  showed 
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ballooning  degeneration  along  with  necrosis  and  exfoliation  of  the  epithelial 
layer.  A  mild  heterophilic  cell  infiltrate  was  observed  in  the  epithelium  as 
well  as  in  the  stromal  layer.  Blood  vessels  within  the  stroma  appeared 
dilated,  and  there  was  also  evidence  of  hemorrhage.  These  last  features  were 
more  easily  observed  under  low  power  magnification  of  intact  pocks  (Figure 
25).  Infection  of  the  CAM  with  RPVAB5R  produced  pocks  containing  many 
of  the  same  features  although  there  were  several  noticeable  differences. 
These  pocks  were  also  defined  by  extensive  proliferation  of  the  epithelial  and 
stromal  layers.  The  epithelium  showed  similar  ballooning  degeneration 
necrosis  and  exfoliation  as  observed  with  RPV;  however,  the  degree  of 
exfoliation  was  less  severe  in  the  RPVAB5R  pocks.  Unlike  the  RPV  pocks,  the 
pocks  generated  by  RPVAB5R  contained  large  number  of  heterophils,  most  of 
which  were  contained  within  the  stromal  layer.  In  addition,  the  innervating 
blood  vessels  of  the  RPVAB5R  lesions  were  not  dilated,  and  there  was  a 
noticeable  lack  of  hemorrhage  within  these  pocks  in  comparison  to  the  RPV 
pocks  (Figures  24  and  25). 

Effect  of  Dexamethasone  on  RPVAB5R  Pock  Color 

The  results  obtained  from  RPVAB5R  infection  of  animals 
demonstrated  that  attenuation  of  this  mutant  was  not  the  result  of 
inflammation  and,  in  addition,  suggested  that  B5R  was  not  involved  in 
suppression  of  inflammation.  However,  the  white  pocks  produced  by 
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RPVAB5R  on  the  CAM  contained  non-activated  heterophils  suggesting  that 
B5R  may  play  a  direct  role  in  suppression  of  inflammation  and  that  failure  to 
do  so  results  in  white  pock  formation.  Alternatively,  the  production  of  white 
pocks  by  RPVAB5R  may  somehow  result  as  an  indirect  effect  of  the  inability 
of  this  mutant  to  produce  enveloped  virus.  Dexamethasone-induced 
inhibition  of  inflammation  has  been  shown  to  cause  CPVASPI-2  (or 
RPVASPI-2)  white  pocks  to  revert  to  red  (70)  demonstrating  that  the 
formation  of  white-pocks  by  these  mutants  is  a  direct  result  of  an  activated 
cell  infiltrate.  To  determine  if  the  white  pocks  of  RPVAB5R  are  also  a  direct 
result  of  the  inflammatory  cell  infiltrate,  the  pock  morphology  of  this  mutant 
was  determined  following  inhibition  of  inflammation  with  dexamethasone. 
If  the  host  inflammatory  response  is  the  cause  of  the  RPVAB5R  white  pock 
phenotype,  then  suppression  of  inflammation  in  the  infected  egg  should 
allow  the  B5R  null  mutant  to  form  red  pocks.  To  test  this  hypothesis,  CAMs 
were  infected  with  RPV,  CPV,  RPVASPI-2,  CPVASPI-2  or  RPVAB5R,  with  or 
without  dexamethasone,  and  the  resulting  pocks  examined  3  days  post- 
infection. The  top  panel  in  Figure  26  shows  the  familiar  pock  phenotypes 
resulting  from  infection  of  the  CAM  in  the  absence  of  dexamethasone;  i.e. 
RPV  and  CPV  produced  red  pocks  while  the  SPI-2  and  B5R  mutants  produce 
white  pocks.  The  lower  half  of  Figure  26  shows  the  effect  of  adding 
dexamethasone  to  inhibit  inflammation  at  the  time  of  infection. 
Dexamethasone  had  no  effect  on  the  color  of  the  pocks  produced  by  either 
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RPV  and  CPV  although  the  lesions  appeared  to  be  reduced  in  size  when 
compared  with  untreated  membranes.  Dexamethasone  treatment  of  either 
RPVASPI-2  or  CPVASPI-2  infected  eggs  resulted  in  pocks  that  were  red  in 
contrast  to  the  white  pocks  normally  formed  by  these  mutants,  consistent 
with  a  dexamethasone-mediated  inhibition  of  inflammation.  However, 
dexamethasone  had  no  effect  on  the  color  of  the  pocks  produced  by 
RPVAB5R.  The  resulting  pocks  remained  white  and  appeared  similar  to 
those  produced  in  the  absence  of  the  drug.  It  should  be  noted,  however,  that 
pocks  formed  by  RPVAB5R  on  the  dexamethasone-treated  membranes  were 
smaller  and  less  dense  than  those  on  the  untreated  membranes.  These 
results  suggest  that  while  inflammation  contributes  to  the  production  of 
white  pocks  by  RPVAB5R,  it  is  not  the  sole  cause  of  this  phenotype  as  it  is  for 
RPVASPI-2  white  pocks. 

Discussion 

The  severity  of  a  poxvirus  infection  is  determined  by  a  combination  of 
the  ability  of  the  virus  to  spread  to  and  replicate  in  a  wide  variety  of  cell  types 
as  well  as  its  ability  to  evade  the  host  immune  system.  The  importance  of 
these  abilities  has  been  demonstrated  by  work  showing  that  viruses  defective 
in  either  of  these  functions  are  attenuated  in  animals.  Local  and  long-range 
spread  of  virus  within  the  animal  is  believed  to  be  a  function  of  the 
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enveloped  form  of  the  virus,  assembly  of  which  is  dependent  upon  the 
production  of  several  membrane-associated  EEV  proteins.  Since  deletion  of 
the  genes  coding  for  these  proteins  often  interrupts  EEV  morphogenesis  it  is 
not  surprising  that  such  mutations  frequently  results  in  attenuation  of  the 
virus  in  animals. 

The  ability  of  the  virus  to  alter  the  host  immune  response  has  also 
been  attributed  to  the  production  of  several  recently  discovered  virus- 
encoded  proteins.  Many  of  these  proteins  interact  with  components  of  the 
host  immune  system  at  key  points  and  are  believed  to  allow  the  virus  to  alter 
the  immune  response.  Again,  not  surprisingly,  deletion  of  the  genes 
encoding  these  immune-modulators  can  result  in  attenuation  of  the  virus. 

As  a  result  of  its  additional  and  unique  outermost  envelope, 
extracellular  enveloped  virus  contains  several  membrane-associated  proteins 
not  found  in  the  IMV  particle.  Many  of  these  membrane-associated  EEV 
proteins  have  been  studied  in  order  to  gain  a  better  understanding  of  their 
contribution  to  the  biology  of  the  viral  infection.  A  common  feature  shared 
by  many  of  these  proteins  is  that  deletion  of  their  respective  ORFs  often 
interrupts  the  terminal  steps  of  morphogenesis,  resulting  in  inhibition  of 
EEV  production  (20,55,58,143,165,218).  Since  it  is  believed  that  it  is  the 
enveloped  form  of  the  virus  that  is  responsible  for  virus  spread,  both  in 
tissue  culture  and  in  the  infected  animal  (9,21,27,146,150),  it  is  not  surprising 
that  several  such  mutants  fail  to  produce  plaques  in  cell  culture  and  are 
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attenuated  in  animals. 

The  product  of  the  B5R  gene  has  been  shown  to  be  a  membrane- 
associated  glycoprotein  present  in  EEV  but  not  IMV.  Unlike  the  other 
membrane-associated  EEV  proteins,  B5R  is  unique  in  that  in  addition  to  being 
a  component  of  the  EEV  envelope,  the  protein  is  also  secreted  from  the  cell  by 
a  pathway  independent  of  EEV  morphogenesis  (119).  Interestingly,  the  B5R 
protein  has  homology  to  factor  H  and  complement  C4b  binding  protein,  two 
regulatory  components  of  the  complement  cascade.  This  homology  coupled 
with  its  extracellular  location  led  to  the  hypothesis  that  B5R  might  also 
belong  to  a  group  of  viral  proteins  known  to  be  host  response  modifiers  and 
as  such  it  might  function  to  inhibit  inflammation  by  inhibition  of 
complement  activation.  The  work  presented  in  this  chapter  was  undertaken 
to  determine  if  the  B5R  protein  has  a  role  in  viral  pathogenesis  and  if  so,  does 
this  role  involve  control  of  inflammation.  This  question  was  examined  by 
construction  of  a  B5R  null  mutant,  RPVAB5R,  which  was  characterized  for  its 
ability  to  cause  disease  in  animals,  from  the  data  presented  here,  it  can  be 
concluded  that  while  RPVAB5R  is  attenuated,  this  attenuation  does  not  result 
from  an  enhanced  inflammatory  response  but  instead  most  likely  arises  from 
a  defect  in  EEV  production,  a  phenotype  easily  demonstrated  in  cell  culture. 

Failure  of  RPV  to  produce  the  B5R  protein  resulted  in  a  phenotype  in 
cell  culture  identical  to  that  reported  for  the  vaccinia  ps/hr  (B5R  homolog) 
mutant.  RPVAB5R  failed  to  form  plaques  on  Vero  cells  and  when  tested  on 
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RK-13  cells,  produced  plaques  somewhat  smaller  than  those  produced  by 
RPV.  The  inability  of  RPVAB5R  to  form  plaques  was  shown  to  extend  to 
several  other  cell  types,  the  most  notable  being  chicken  embryo  fibroblasts 
(CEFs).  This  result  is  significant  in  that  these  cells  have  been  considered 
extremely  permissive  and  are  commonly  used  to  grow  various  mutants  of 
the  virus  when  other  cell  lines  are  found  to  be  unable  to  do  so.  Hence,  CEF 
cells  were  traditionally  used  for  the  isolation  of  white  pock  and  host  range 
mutants  many  of  which  contain  deletions  encompassing  large  segments  of 
the  viral  genome  .  Failure  of  RPVAB5R  to  plaque  on  these  cells  shows  that 
they  are  not  universally  permissive  and  suggests  that  a  class  of  white-pock 
mutants  may  have  been  missed  in  past  studies  because  they  failed  to  plaque 
on  these  cells.  Indeed,  RPVAB5R  is  the  first  mutant  of  any  kind  reported  to  be 
restricted  for  plaque  formation  on  CEFs.  This  result  should  serve  as  a 
reminder  that  the  choice  of  a  cell  line  for  use  in  the  purification  of  mutants 
can  skew  the  class  of  mutants  that  is  isolated.  An  additional  point  worth 
noting  is  that  since  CEFs  are  primary  cells,  it  is  likely  that  the  behavior  of  the 
virus  in  animal  tissue  is  more  accurately  reflected  by  its  behavior  in  CEF  cells 
than  in  any  of  the  other  established  cell  lines. 

The  alteration  in  the  plaque  morphology  and  host  range  of  RPVAB5R 
led  to  an  examination  of  the  ability  of  the  mutant  to  replicate  in  permissive 
and  non-permissive  cells.  In  permissive  cells,  RPVAB5R  replication  was 
nearly  normal  showing  only  a  slight  decrease  in  the  levels  of  IEV  when 
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compared  with  RPV.  It  is  likely  that  this  reduced  level  of  IEV  are  responsible 
for  the  small-plaque  phenotype  since  IMV  and  EEV  levels  are  equivalent  in 
RPV  and  RPVAB5R  infected  cells.  In  non-permissive  cells,  the  major  defect 
observed  for  RPVAB5R  was  a  failure  to  produce  the  enveloped  forms  of  virus 
(IEV  and  EEV).  The  levels  of  IMV,  though  somewhat  reduced,  remained 
substantial.  Failure  of  RPVAB5R  to  form  plaques  in  these  cells  supports  the 
work  of  others  indicating  that  IMV  plays  little  if  any  role  in  the  spread  of 
virus  and  that  the  enveloped  form  of  virus  must  be  produced  for  plaque 
formation.  This  result  shows  that  like  many  of  the  other  EEV  membrane- 
associated  proteins,  B5R  is  necessary  for  production  of  EEV.  However,  in  this 
regard  it  is  interesting  that  deletion  of  B5R  in  RPV  confers  a  host  range 
indicating  that  the  protein  is  essential  in  some  cells  but  not  others.  This 
result  is  in  contrast  with  results  from  similar  studies  performed  with  the 
IHD-J  and  WR  strains  of  vaccinia  (58,218).  While  deletion  of  B5R  in  RPV  had 
no  effect  on  EEV  production  in  RK-13  cells,  deletion  of  B5R  gene  from 
vaccinia  abolished  the  ability  of  that  virus  to  produce  EEV  in  these  cells.  In 
this  way,  the  B5R  protein  of  RPV  also  differs  from  several  of  the  EEV 
envelope  proteins  of  vaccinia  in  that  deletion  of  these  proteins  usually  results 
in  universal  disruption  of  EEV  production.  These  observations  suggest  that 
RPV  but  not  VV  may  produce  other  viral  proteins  that  can  compensate  for 
the  loss  of  B5R  in  a  cell  line  specific  manner. 

RPVAB5R  was  shown  to  be  severely  attenuated  in  both  mice  and 
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rabbits.  This  attenuation  was  most  dramatically  demonstrated  by  infection  of 
rabbits  with  RPVAB5R.  Whereas  intradermal  injection  of  rabbits  with  a 
single  pfu  of  RPV  is  usually  sufficient  to  result  in  a  lethal  infection,  it  was 
observed  that  infection  of  these  animals  with  up  to  50000  pfu  of  RPVAB5R 
was  insufficient  to  cause  disease  and  in  fact,  did  not  even  result  in  a  systemic 
response  to  the  virus,  as  judged  by  a  lack  of  pyrexia  (Figure  17b).  A  local  but 
contained  reaction  to  the  infection  produced  some  induration  at  the  site  of 
injection,  however,  the  extent  and  duration  of  the  induration  was  much  less 
than  was  observed  in  lesions  resulting  from  infection  with  RPV  (data  not 
shown).  In  addition,  RPVAB5R-infected  rabbits  failed  to  develop  any 
secondary  lesions  suggesting  that  the  virus  failed  to  spread  from  the 
inoculation  site.  These  observations  are  all  consistent  with  the  idea  of 
limited  growth  of  RPVAB5R  at  the  primary  site  of  inoculation,  a  situation 
that  could  result  from  a  defect  in  virus  morphogenesis  or  from  an  enhanced 
inflammatory  response.  Histological  examination  of  primary  lesions  taken 
from  RPV  and  RPVAB5R  infected  animals  showed  that  the  attenuation  of 
RPVAB5R  was  not  due  to  an  enhanced  inflammatory  response.  Lesions 
produced  by  RPV  showed  significant  necrosis,  hemorrhage  as  well  as 
extensive  infiltration  of  neutrophils.  In  contrast,  RPVAB5R  produced 
comparatively  mild  lesions  that  contained  very  little  necrosis  and  only  a 
mild  to  moderate  degree  of  inflammatory  cell  infiltrate.  These  observations 
rule  out  the  failure  of  RPVAB5R  to  control  the  inflammatory  response  as  the 
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cause  of  its  attenuation  in  rabbits  and  are  consistent  with  reduced  growth  of 
the  virus  in  rabbit  skin. 

A  more  extensive  analysis  of  RPVAB5R  attenuation  was  carried  out  in 
the  mouse  model.  In  this  system,  weight  loss  and  illness  result  from 
localized  growth  of  virus  in  the  lung,  in  contrast  to  the  rabbit  system  where 
illness  and  death  occur  due  to  spread  of  the  virus  from  the  initial  site  of 
inoculation.  Similar  to  what  was  observed  with  the  rabbits,  RPVAB5R  was 
extremely  attenuated  in  mice  as  well.  While  infection  of  mice  with  RPV 
resulted  in  rapid  weight  loss  and  death,  animals  infected  with  RPVAB5R 
showed  minimal  weight  loss  and  suffered  no  deaths  resulting  from  the 
infection.  It  was  noted  that  mice  infected  with  the  mutant  virus  did  show 
some  weight  loss,  especially  at  the  highest  doses  used  ( 108pfu,  data  not 
shown).  Since  weight  loss  correlates  with  lung  damage,  this  observation  is 
consistent  with  limited  growth  of  the  virus  at  the  site  of  inoculation  in 
RPVAB5R  infected  mice.  Determination  of  the  virus  titers  in  infected  lungs 
confirmed  that  while  RPVAB5R  was  able  to  replicate  in  the  mouse  lung  the 
extent  of  this  growth  was  limited.  RPVAB5R  titers  were  reduced 
approximately  100-fold  in  comparison  to  the  levels  of  virus  produced  in  RPV 
infected  animals.  It  is  likely  that  the  limited  growth  of  RPVAB5R  is  simply  a 
manifestation  of  a  failure  to  produce  enveloped  virus,  as  mirrored  in  cell 
culture,  and  does  not  indicate  a  failure  to  suppress  the  host  inflammatory 
system  based  on  the  following  arguments.  First,  while  histological 
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examination  revealed  that  the  inflammatory  cell  infiltrate  in  RPVAB5R 
infected  animals  was  slightly  greater  than  was  observed  in  RPV  infected 
animals,  the  difference  was  minimal  and  is  unlikely  to  result  in  such  severe 
attenuation.  In  this  regard,  it  is  worth  noting  that  studies  using  RPVASPI-2  a 
mutant  that  is  well  known  to  be  unable  to  inhibit  inflammation,  have  shown 
that  this  mutant  is  not  attenuated  in  mice.  This  suggests  that  inflammation 
has  little  effect  on  the  course  of  the  infection  in  this  system  and  is  consistent 
with  the  dramatic  attenuation  observed  with  RPVAB5R  in  mice  resulting  not 
from  failure  to  suppress  inflammation  but  from  a  more  fundamentally 
disruptive  defect  such  as  failure  to  grow  or  spread.  Failure  of  this  mutant  to 
grow  efficiently  is  consistent  with  the  observation  that  RPVAB5R  infected 
lungs,  unlike  RPV  and  RPVASPI-2  infected  lungs,  were  free  of  the  edema  and 
necrosis  that  results  from  destruction  of  the  lung  tissue.  More  significantly, 
while  treatment  of  these  animals  with  the  anti-inflammatory  drug 
dexamethasone  completely  blocked  the  appearance  of  inflammatory  cells  in 
the  lung,  it  did  not  alter  the  yields  of  virus  produced  in  the  lungs  of 
RPVAB5R  infected  animals.  While  this  result  does  not  rule  out  a  possible 
interaction  of  the  B5R  protein  with  the  host  immune  system,  it  does  provide 
direct  evidence  that  the  attenuation  of  this  mutant  is  not  a  result  of  the 
inflammatory  response.  Finally,  co-infection  with  RPV  was  unable  to  elevate 
the  levels  of  RPVAB5R  in  animals.  This  result  indicates  that  the  defect  in 
RPVAB5R  cannot  be  rescued  in  trans  and  rules  out  any  general  immuno- 
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suppressive  property  as  a  possible  function  for  the  B5R  protein.  Collectively, 
these  results  show  that  the  attenuation  of  RPVAB5R  is  not  due  to  an  increase 
in  inflammation  but  is  most  likely  due  to  a  failure  of  the  virus  to  grow 
efficiently  due  to  its  defect  in  the  production  of  enveloped  virus. 

While  the  above  results  show  that  inflammation  is  not  the  cause  of 
RPVAB5R  attenuation,  neither  do  they  exclude  the  possibility  that  B5R  does 
not  affect  inflammation  since  work  with  RPVASPI-2  has  suggested  that  the 
activity  of  known  virus-encoded  anti-  inflammatory  proteins  may  be  difficult 
to  detect  in  mice  and  especially  in  rabbits  (109)  (and  Brooks,  M.  and  Stern,  R., 
manuscript  in  preparation).  Because  of  this,  the  link  between  B5R  and 
inflammation  was  investigated  in  the  11-day  old  chicken  embryo,  a  system  in 
which  inflammation,  which  is  essentially  the  only  immune  response  present, 
has  been  shown  to  have  a  large  impact  on  pock  phenotype  (70,138).  In  this 
system,  RPVAB5R  produced  white  pocks  on  the  CAM,  similar  to  the  white, 
inflammatory  pocks  produced  by  CPV  (or  RPV)  containing  deletions  of  SPI-2, 
which  is  known  to  inhibit  inflammation  (142).  Previous  studies  by  others 
have  shown  that  the  formation  of  white  pocks  by  RPVASPI-2  is  a  direct  result 
of  a  significant  inflammatory  cell  infiltrate  (70).  Histological  examination  of 
the  RPVAB5R  white  pocks  revealed  that  analogous  to  the  white  pocks  of 
RPVASPI-2  and  unlike  the  pocks  produced  by  RPV,  the  white  pocks  produced 
by  the  B5R  mutant  contained  large  numbers  of  heterophils.  This  result 
shows  that  the  B5R  protein  does  have  an  effect  on  the  inflammatory 
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response;  however,  the  question  arises  as  to  whether  this  increase  in 
inflammation  is  a  primary  effect  of  the  B5R  deletion  or  whether  it  is  a 
secondary  effect  resulting  from  the  inability  of  the  mutant  to  produce 
enveloped  virus  (and  therefore  spread)  in  CEF  cells.  While  it  is  impossible  to 
distinguish  between  these  two  possibilities  from  the  data  contained  in  this 
dissertation,  several  curious  observations  indicating  that  the  white  pocks  of 
RPVAB5R  and  RPVASPI-2  are  fundamentally  different  give  some  credence  to 
the  latter  interpretation.  First,  while  inhibition  of  inflammation  with 
dexamethasone  did  reduce  the  opaqueness  of  the  RPVAB5R  white  pocks,  it 
failed  to  restore  the  wild-type  red  pock  phenotype.  This  result  indicates  that 
unlike  the  white  pocks  produced  by  RPVASPI-2,  the  formation  of  white  pocks 
by  RPVAB5R  is  not  due  entirely  to  inflammation  and  suggests  that  RPVAB5R 
is  defective  in  a  second  function  that  is  required  for  red  pock  formation. 
Since  this  mutant  is  known  to  be  defective  in  EEV  production  in  CEF  cells,  it 
is  likely  that  normal  growth  and  spread  is  essential  to  red  pock  formation. 
Second,  when  incubated  with  NBT,  the  RPVAB5R  white  pocks,  unlike  the 
white  pocks  produced  by  SPI-2  mutants,  failed  to  reduce  the  NBT  to  formazan 
(i.e.  failed  to  turn  blue),  indicating  that  although  heterophils  have  migrated 
into  these  pocks  they  are  not  activated.  Heterophil  migration  and  activation 
are  two  separate  events  that  are  coordinately  regulated  to  prevent 
inappropriate  damage  to  the  host  and  as  a  result  are  thought  to  differ  in  their 
response  to  the  levels  and  types  of  pro-inflammatory  stimulus 
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(170,171,179,184).  In  view  of  this,  these  results  might  suggest  that  although 
there  is  enough  stimulus  (damage)  within  the  pock  to  result  in  heterophil 
migration,  due  to  the  inability  of  the  mutant  to  spread  within  these 
membranes,  there  is  not  enough  stimulus  to  cause  detectable  activation  of 
these  heterophils.  Consistent  with  this  interpretation  is  the  observation  that 
dilation  of  blood  vessels,  one  characteristic  of  an  inflammatory  response,  was 
observed  within  RPV  and  RPVASPI-2  (not  shown)  but  not  RPVAB5R  lesions 
suggesting  that  the  proper  level  or  type  of  stimulus  to  induce  vasodilation  is 
not  produced  in  RPVAB5R  infected  tissue.  Collectively,  these  observations 
could  be  taken  as  evidence  that  inflammation  is  not  directly  effected  by  B5R 
but  is  instead  a  secondary  effect  resulting  from  defective  growth  of  the 
mutant.  While  this  mutant  still  produces  other  anti-inflammatory  proteins, 
failure  of  the  virus  to  rapidly  spread  to  uninfected  cells  might  result  in  the 
production  and  amplification  of  pro-inflammatory  signals  by  the  infected  cell 
and  neighboring  cells  before  a  significant  concentration  of  virus  encoded  anti- 
inflammatory proteins  can  be  produced  in  the  local  area.  In  support  of  the 
argument  for  non-involvement  of  B5R  in  the  modulation  of  inflammation  it 
should  be  noted  that  the  domains  of  factor  H  with  which  B5R  shares 
homology  are  different  from  those  involved  in  the  inhibition  of  complement 
activation  as  determined  by  the  recent  mapping  of  the  inhibitory  domains 
(82). 
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The  work  presented  here  suggests  that  the  idea  that  red  pock 
generation  equates  with  the  ability  to  inhibit  inflammation  while  white  pock 
generation  equates  with  the  loss  of  this  ability  might  be  too  simple  in  that 
pock  formation  is  a  complex  process.  Based  on  the  above  observations,  I 
propose  that  pock  formation  is  the  result  of  at  least  three  separate  events; 
membrane  hyperplasia,  inflammation  and  hemorrhage.  Both  red  and  white 
pocks  exhibit  hyperplasia  of  the  epithelium  and  stromal  fibroblasts  within  the 
pock  as  a  result  of  the  virus  encoded  growth  factor  (33)  endowing  all  pocks  an 
underlying  opaqueness.  In  red  pocks,  such  as  those  produced  by  RPV,  virus 
replication  and  spread  result  in  severe  necrosis  of  the  cell  layers  along  with 
severe  vasodilation  resulting  in  hemorrhage  (155)  within  the  stroma  giving 
the  pock  its  red  color  .  In  these  pocks,  the  elicitation  of  inflammatory  cells  is 
apparently  specifically  inhibited  by  virus  encoded  factors  such  as  SPI-2  (crmA). 
In  RPVASPI-2  white  pocks,  unrestricted  inflammation  within  the  pock 
inhibits  virus  growth  (70),  preventing  spread  of  the  virus  which  limits  the 
damage  and  the  subsequent  hemorrhage.  This  combined  with  the  increase  in 
the  cell  density  results  in  a  white  pock.  The  RPVAB5R  white  pocks  also  result 
from  hyperplasia,  lack  of  hemorrhage  and  inflammation.  However,  I  believe 
that  with  this  mutant,  inhibition  of  virus  growth  and  spread  and  the 
subsequent  lack  of  hemorrhage  is  not  due  to  inflammation  but  is  instead  the 
result  of  an  innate  defect  in  enveloped  virus  production.  This  would  be 
consistent  with  this  mutant  failing  to  form  a  red  pock  in  the  presence  of  the 


190 

anti-inflammatory  agent  dexamethasone  since  virus  growth  would  still  be 
restricted  even  in  the  absence  of  inflammation.  It  is  suggested  that  labeling 
pocks  red  or  white,  while  convenient,  be  considered  insufficient  for 
determining  the  link  between  virus  proteins  and  inflammation  and  that 
histological  examination  should  become  the  standard  method  for  making 
this  determination. 

In  summary,  the  results  presented  in  this  chapter  show  that  the  B5R 
protein  is  necessary  for  the  proper  morphogenesis  of  the  enveloped  form  of 
virus.  Failure  to  produce  B5R  results  in  an  inability  to  produce  EEV,  but  not 
IMV,  in  a  cell  line  specific  manner.  In  addition,  while  deletion  of  the  B5R 
gene  does  result  in  attenuation  of  the  virus  in  animals  this  attenuation  was 
not  due  to  failure  of  the  mutant  to  inhibit  the  inflammatory  response. 
Instead,  it  is  believed  that  the  mutant  is  attenuated  as  a  result  of  its  inability  to 
produce  enveloped  virus.  While  it  is  impossible  to  conclude  that  B5R  does 
not  directly  inhibit  the  inflammatory  response  based  on  the  result  obtained 
on  the  CAM,  it  is  believed  that  the  B5R  protein  has  no  such  activity. 


CHAPTER  IV 

THE  ROLE  OF  RPV  MEMBRANE-BOUND  AND  SECRETED  B5R  PROTEIN 
IN  MORPHOGENESIS  AND  POCK  MORPHOLOGY 


Introduction 


The  poxviruses  are  large,  structurally  complex  viruses  that  have  the 
unique  feature  of  replicating  entirely  within  the  cytoplasm  of  the  infected  cell 
(128).  Because  the  entire  replication  cycle  occurs  within  the  cytoplasm,  the 
viral  genome  must  encode  virtually  all  of  the  proteins  necessary  for 
replication  and  assembly  of  new  viral  particles.  A  consequence  of  this  is  that 
the  poxviruses  have  an  exceedingly  large  genome  consisting  of  approximately 
180  kilobases  of  DNA  with  the  potential  to  encoding  approximately  200 
proteins  (79,120).  Many  viral  proteins  have  been  identified  and  characterized 
and  can  be  organized  into  groups  based  on  the  roles  they  play  in  virus 
replication.  One  such  group  consists  of  proteins  that  have  been  shown  to  be 
involved  in  the  basic  processes  of  replication  such  as  DNA  synthesis  (200)and 
RNA  transcription  (129).  A  second  group  comprises  proteins  that  have  been 
shown  to  be  structural  components  of  the  virus  particle,  of  which  there  are 
two  forms,  intracellular  mature  virus  (IMV)  and  extracellular  enveloped 
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virus  (EEV)  (61,139,147).  These  two  equally  infectious  forms  of  the  virus 
represent  different  developmental  stages  in  viral  morphogenesis  and  differ 
only  in  the  number  of  envelopes  encasing  the  virus  particle. 

While  most  virion  structural  proteins  are  found  in  both  IMV  and  EEV, 
a  subset  of  these  proteins  are  unique  in  that  they  are  found  only  in  the  EEV 
particle  (144,147).  This  results  from  these  EEV  specific  proteins,  of  which 
eight  have  been  identified,  being  located  in  the  membrane(s)  unique  to  this 
form  of  the  virus.  All  but  one  of  these  EEV  proteins  have  been  shown  to  be 
glycoproteins  (144,147).  While  localization  of  these  proteins  in  the  virion 
outer  membrane  might  suggest  a  role  for  these  proteins  as  receptor 
molecules,  to  date  the  true  function  of  these  proteins  remains  largely 
unknown.  A  common  feature  shared  by  nearly  all  of  these  proteins, 
however,  is  that  null  mutations  in  many  of  the  corresponding  genes  result  in 
a  defect  in  enveloped  virion  morphogenesis  (55,58,143,177,218).  Such 
mutants  produce  tiny  plaques  and  are  attenuated  in  animals  presumably  due 
to  a  failure  of  the  virus  to  spread  from  the  site  of  inoculation. 

While  the  proteins  described  so  far  are  involved  in  the  synthesis  of 
virus  components  and  the  assembly  of  these  components  into  virus  particles, 
a  third  population  of  viral  proteins  exists  which  serve  as  virus  virulence 
factors.  Many  of  the  proteins  found  within  this  group  interact  with 
components  of  the  host  immune  system  resulting  in  down-regulation  of  the 
host  immune  response  to  the  virus  infection  (5,6,110,158,187).  Since  many  of 
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the  regulatory  and  effector  proteins  of  the  immune  system  are  extracellular,  it 
is  not  surprising  that  many  of  these  virus-encoded  homologues  are  also 
secreted  from  the  infected  cell.  An  interesting  feature  of  these  proteins  is  that 
they  often  have  significant  structural  homology  to  proteins  of  the  host 
immune  system  suggesting  that  the  virus  has  acquired  them  from  the  host 
during  the  course  of  the  viruses  evolution.  To  date,  examples  of  such 
proteins  include  a  secreted  interleukin-lC  receptor,  a  secreted  tumor  necrosis 
factor  receptor,  a  secreted  interferon-gamma  receptor  and  a  secreted 
complement  factor  C4b  binding  protein  (5,97,99,110,111,142,158,182,183,187) . 
Each  of  these  viral  proteins  has  been  shown  to  have  the  activity  suggested  by 
its  homology  with  a  host  immune  protein. 

The  B5R  protein  of  RPV  is  yet  another  viral  protein  which  shares 
homology  with  components  of  the  mammalian  immune  system  but  for 
which  a  function  remains  obscure.  This  virus-encoded  protein  is  a  member 
of  the  SCR  (short  consensus  repeat)  superfamily  which  are  involved  in 
control  of  the  complement  cascade.  Database  analysis  using  the  B5R  predicted 
amino  acid  sequence  has  shown  that  it  has  homology  to  complement  factor  H 
and  complement  factor  C4b,  both  of  which  are  negative  regulators  of  the 
complement  cascade  (133,210). 

The  B5R  protein  exists  as  a  45  kDa  glycoprotein  present  in  the 
membrane  of  EEV  but  not  in  IMV.  As  has  been  observed  for  many  of  the 
EEV  membrane  proteins,  deletion  of  the  B5R  ORF  results  in  a  defect  in 
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enveloped  (IEV  and  EEV)  virus  but  not  IMV  morphogenesis.  In  addition  to 
the  membrane-bound  form  of  the  protein,  B5R  is  also  found  in  the 
supernatant  of  infected  cells  as  a  38  kDa  secreted  protein.  This  secreted  form 
has  been  shown  to  be  derived  from  the  45  kDa  form  by  processing  and  its 
secretion  is  independent  of  viral  morphogenesis.  The  homology  of  this 
protein  with  that  of  host  regulatory  proteins  together  with  the  finding  that 
B5R  is  secreted  led  to  the  hypothesis  that  this  protein  may  regulate 
complement  activation  and  as  a  consequence,  inflammation.  However,  the 
work  presented  in  the  previous  chapter  demonstrated  that  attenuation  of  a 
B5R  null  mutant  was  not  a  result  of  an  enhanced  inflammatory  response  but 
was  likely  due  to  a  defect  in  morphogenesis  observed  with  this  mutant. 

To  date,  RPV,  VV  and  CPV  have  all  been  shown  to  produce  the 
secreted  form  of  B5R.  Since  the  sequence  of  the  B5R  gene  has  been  extremely 
highly  conserved  by  the  orthopoxviruses,  it  is  likely  that  all  orthopoxviruses 
secrete  this  protein  suggesting  that  its  secretion  is  important  for  the  virus. 
The  goal  of  the  work  presented  in  this  chapter  was  to  determine  the 
importance  of  the  membrane-bound  and  secreted  forms  of  the  B5R  protein  in 
morphogenesis  and  in  virulence.  This  was  achieved  through  the 
construction  of  mutants  that  produced  either  the  membrane-bound  or 
secreted  form  of  B5R,  but  not  both,  and  the  characterization  of  these  mutants 
in  cell  culture  and  in  animals. 
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Results 

Construction  of  a  Virus  Producing  only  Secreted  B5R  Protein 

Previous  work  has  shown  that  RPV  produces  two  forms  of  B5R 
protein,  a  45  kDa  membrane  bound  form,  found  associated  with  enveloped 
virus  particles  (57,100,119),  and  a  second,  38  kDa  secreted  form,  which  has 
been  shown  to  be  derived  from  the  membrane  bound  form  by  processing 
(119).  To  determine  the  importance  of  the  membrane  bound  form  in  viral 
virulence,  a  mutant  virus  was  constructed  in  which  the  membrane  anchor  of 
the  B5R  protein  was  removed.  Removal  of  the  membrane  anchor  should 
result  in  the  synthesis  of  a  mutant  B5R  protein  that  fails  to  localize  to  either 
the  virion  or  host-cell  membrane.  It  would  also  be  expected  that  such  a 
mutant  would  be  secreted  in  far  greater  amounts  from  the  cell  in  comparison 
to  the  wild-type  B5R  protein.  Previous  studies  have  shown  that  a  carboxyl- 
terminal  hydrophobic  region  containing  amino  acids  276-300  serves  as  a 
membrane  anchor  for  the  protein  and  that  truncation  of  the  protein  at  amino 
acid  275  results  in  enhanced  secretion  of  this  truncated  protein  into  the 
supernatant  (100).  Based  on  these  data,  a  mutant,  called  RPVB5R-T,  was 
constructed  in  which  the  B5R  ORF  of  RPV  was  replaced  by  a  mutant  ORF 
encoding  a  B5R  protein  (referred  to  as  B5R-T)  truncated  at  amino  acid  275  and 
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therefore  lacked  the  membrane  anchor  (details  of  this  construction  are 
provided  in  Materials  and  Methods).    Construction  of  RPVB5R-T  was 
confirmed  by  PCR  analysis  of  viral  DNA  (data  not  shown)  as  well  as  by  SDS- 
PAGE  analysis  of  immunoprecipitated  proteins  from  infected  CEF  cells  which 
is  shown  in  figure  27.  As  expected,  much  higher  levels  of  the  truncated 
protein  were  secreted  into  the  supernatant  of  infected  cells  when  compared  to 
the  levels  of  wild-type  B5R  found  in  the  supernatant.  Immunoprecipitation 
of  RPV  infected  cell  extracts  and  supernatants  from  these  cells  yielded  the  45 
kDa  membrane  bound  and  the  38  kDa  forms  (lanes  1  and  2  respectively)  of  the 
wild-type  B5R  protein  in  agreement  with  previous  results  (119).  As  has  been 
previously  noted  (119),  the  level  of  secreted  B5R  protein  in  RPV  infected  CEF 
cells  is  considerably  lower  than  that  noted  for  other  cell  lines.  In  RPVB5R-T 
infected  CEF  cells,  the  level  of  B5R-T  secreted  from  the  cell  was  much  higher 
than  the  level  of  wild  type  B5R  secreted  from  RPV  infected  cells  (lane  4).  In 
addition,  the  molecular  weight  of  the  B5R-T  protein  (approximately  40.5  kDa) 
was  consistent  with  the  size  predicted  by  termination  of  the  predicted  amino 
acid  sequence  at  amino  acid  275  (lane  3).  Interestingly,  the  protein  recovered 
from  the  supernatant  of  RPVB5R-T  infected  cells  had  approximately  the  same 
apparent  molecular  weight  as  that  of  the  RPVB5R-T  cellular  form  (lanes  3 
and  4).  The  size  of  the  B5R-T  secreted  protein  also  appears  larger  than  the 
secreted  B5R  protein  produced  by  RPV.  This  size  difference  might  indicate 
that  the  normal  processing  of  the  B5R  protein  is  not  at  the  start  of  the  trans- 


Figure  27.  Construction  and  characteriztion  of  RPVB5R-T.  A)  Construction 
scheme  for  RPVB5R-T.  Depicted  is  a  representation  of  the  B5R  gene  of  RPV 
(upper)  and  of  RPBB5R-T  (lower).  In  RPVB5R-T,  the  membrane  anchor 
sequence  (represented  by  the  diagonally  hatched  box)  has  been  replaced  by  the 
Ecogpt  cassette.  In  addition,  a  stop  codon  was  placed  at  the  postion  coding  for 
amino  acid  276.  RM276,  RM277,  RM278,  and  RM299  represent  the  primers 
used  in  the  construction  of  this  mutant.  B)  Immunoprecipitation  of  B5R 
from  RPV  and  RPVB5R-T  infected  cells.  RPV  (lanes  1  &  2)  or  RPVB5R-T 
(lanes  3  &  4)  infected  CEF  cells  were  labeled  with  35S- trans  label  from  6-18 
hours  post-infection.  Proteins  from  cell  extracts  (approximately  5.0  x  105  cells) 
(lanes  1  &  3)  and  from  an  equivalent  amount  of  virus  depleted  supernatants 
from  these  cells  (lanes  2  &  4)  were  then  immunoprecipitated  with  polyclonal 
anti-B5R  sera  and  the  immunoprecipitated  proteins  separated  by 
polyacrylamide-gel  electrophoresis.  The  arrows  on  the  left  indicate  the 
cellular  (arrow  A)  and  secreted  (arrow  B)  forms  of  the  protein  synthesized  by 
RPV.  The  arrow  on  the  right  (arrow  C)  indicates  the  B5R  protein  secreted  by 
RPVB5R-T. 
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membrane  region  as  predicted  but  is  instead  further  upstream  of  this  region. 
Alternatively,  the  unexpected  larger  size  of  the  B5R-T  secreted  protein  might 
result  from  an  altered  pattern  of  glycosylation  in  this  protein  as  a  result  of  its 
missing  the  membrane  anchor  region.  The  latter  possibility  was  tested  by 
comparing  the  decrease  in  molecular  weights  of  B5R  and  B5R-T  following 
removal  of  their  sugar  residues  by  treatment  with  peptide-N-glycosidase.  The 
results,  which  are  shown  in  Figure  28,  indicate  that  the  gross  level  of 
glycosylation  is  approximately  equal  in  both  proteins.  In  agreement  with 
published  results  (147),  N-glycosidase  treatment  of  immunoprecipitated 
intracellular  B5R  from  RPV  infected  cells  resulted  in  a  shift  in  size  of 
approximately  3  kDa  from  45  kDa  to  45  kDa  (lane  2)  when  compared  to 
untreated  protein  (lane  1).  Similar  treatment  of  B5R-T  also  altered  the 
apparent  molecular  weight  by  approximately  3  kDa  (from  40  kDa  to  37  kDa) 
when  compared  to  the  untreated  protein  (lanes  3  and  4).  The  similar  shift  in 
molecular  weights  suggests  that  the  apparent  size  difference  between  secreted 
B5R  and  secreted  B5R-T  is  not  due  to  different  levels  of  glycosylation. 

B5R-T  Still  Remains  Associated  with  Enveloped  Virions 

The  45  kDa  form  of  B5R  has  been  shown  to  be  a  membrane-associated 
protein  located  in  the  envelope  of  the  EEV  particle  (57,100,119).  Anchoring  of 
B5R  in  the  membrane  is  believed  to  be  mediated  through  a  hydrophobic 
stretch  of  amino  acids  located  near  the  carboxyl  end  of  the  protein,  a 


Figure  28.  Peptide-N-glycosidase  treatment  of  the  B5R  and  B5R-T  proteins. 

CEF  cells  were  infected  with  either  RPV  or  RPVB5R-T  and  the  viral  proteins 
were  labeled  overnight  with  35S-translabel.  B5R  (lanes  1  &  2)  and  B5R-T 
(lanes  3  &  4)  were  immunoprecipitated  from  total  cell  extracts  after  which 
samples  were  either  left  untreated  (lanes  1  &  3)  or  were  treated  with  peptide- 
N-glycosidase  (lanes  2  &  4)  prior  to  separation  by  PAGE. 
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hypothesis  that  is  supported  by  data  showing  that  deletion  of  this  region 
results  in  enhanced  secretion  of  this  protein  into  the  supernatant.  In  addition 
to  causing  increased  secretion  of  this  protein,  removal  of  the  membrane 
anchor  should  result  in  a  failure  of  such  a  mutant  protein  to  associate  with 
the  EEV  particle.  To  test  this  and  to  further  characterize  the  B5R-T  protein, 
CsCl  gradient  purified  IMV,  IEV  and  EEV  from  RPV,  RPVAB5R  or  RPVB5R-T 
infected  RK-13  cells  were  analyzed  for  the  presence  of  B5R  or  B5R-T, 
respectively,  by  western  blot  analysis  using  anti-B5R  serum.  The  results  of 
this  experiment  are  shown  in  Figure  29.  In  agreement  with  previous  work, 
the  45  kDa  B5R  protein  was  detected  in  enveloped  virus,  but  not  IMV,  from 
RPV  infected  cells  (lanes  1,  2  and  3)  (119).  As  expected,  no  B5R  protein  was 
detected  in  any  form  of  virus  obtained  from  RPVAB5R  infected  cells  (lanes  4, 
5  and  6).  Surprisingly,  B5R-T  was  found  to  be  present  in  virus  purified  from 
RPVB5R-T  infected  cells.  The  truncated  protein  was  present  in  the  enveloped 
forms  of  virus  but  not  in  IMV,  a  pattern  of  localization  identical  to  that 
observed  for  the  wild-type  B5R  protein.  This  result  was  unexpected  based  on 
previous  work  by  others  and  indicated  that  removal  of  the  B5R  hydrophobic 
region  does  not  prevent  association  of  B5R-T  with  enveloped  virus  particles. 

The  Nature  of  the  Association  of  B5R-T  with  Enveloped  Virions 

The  finding  that  B5R-T  localizes  to  IEV  and  EEV  was  surprising  since 
this  protein  no  longer  contained  a  membrane  anchor  sequence.  This 


Figure  29.  Western  blot  analysis  of  IMV,  IEV  and  EEV.  RK-13  cells  were 
infected  with  either  RPV,  RPVAB5R  or  RPBB5R-T  and  the  progeny  virus 
were  purified  by  centrifugation  in  CsCl  gradients  (see  Material  and  Methods). 
Equal  amounts  of  viral  proteins  (as  determined  by  coomassie  staining  of  a 
duplicate  gel)  were  separated  by  polyacrylamide-gel  electrophoresis,  blotted  to 
nitrocellulose  and  hybridized  overnight  to  polyclonal  anti-B5R  sera.  IMV- 
intracellular  mature  virus.  IEV-intracellular  enveloped  virus.  EEV- 
extracellular  enveloped  virus. 


204 


4  ✓ 


ft 


ir 


ir 


£  >  >  2  >  > 

i— i  i— i    M-l  i— i  i— i    MJ    hh  i— i  W 


>  > 


78  kDa  — 


47  kDa 


31.4  kDa 


205 

association  could  be  due  to  one  of  three  possibilities;  1)  the  B5R  protein  is 
normally  anchored  in  the  membrane  in  a  fashion  independent  of  the 
hydrophobic  region,  2)  removal  of  the  hydrophobic  region  results  in  a  second 
region  of  the  protein  acting  as  a  membrane  anchor,  or  3)  the  truncated  B5R 
protein  is  not  an  integral  membrane  component  of  the  virion  but  is  instead 
associated  with  the  virus  membrane  through  interactions  (specific  or  non- 
specific) with  the  particle  surface,  possibly  involving  interactions  with  other 
virion  membrane  proteins.  The  last  possibility  implies  that  the  nature  of  the 
associations  of  B5R-T  and  wild  type  B5R  with  the  virion  membrane  should  be 
different  whereas  the  association  of  these  proteins  with  the  virion  should  be 
similar  if  either  of  the  first  two  hypotheses  is  correct.  Sodium  carbonate 
treatment  of  membranes  at  alkaline  pH  (11.5)  is  a  technique  that  has  been 
used  to  distinguish  between  integral  and  non-integral  membrane  proteins 
(73,211).  Under  these  conditions  integral  membrane  proteins  remain 
membrane  associated  whereas  non-integral  membrane  proteins  are 
preferentially  released  from  the  membrane.  The  nature  of  the  B5R-T/EEV 
association  was  examined  using  sodium  carbonate  treatment  of  EEV  purified 
from  either  RPV  or  RPVB5R-T  infected  cells.  The  results  of  this  experiment 
are  shown  in  Figure  30.  When  virions  were  incubated  in  100  mM  Tris,  pH 
7.0,  both  B5R  and  B5R-T  remained  tightly  associated  with  the  virus  and  were 
found  almost  exclusively  with  the  pelleted  virus  following  centrifugation  of 
the  incubation  mixture  (lanes  1  and  3).  However,  incubation  of  these  virions 


Figure  30.  Western  blot  analysis  of  Na2G03  treated  RPV  or  RPVB5R-T  EEV. 
CsCl  gradient  purified  EEV  from  RPV  or  RPVB5R-T  infected  cells  were 
incubated  in  either  lOOmM  Tris  pH  7.4  or  lOOmM  Na2C03  (pH  11.5)  on  ice  for 
30  minutes  after  which  the  virus  was  pelleted  by  centrifugation  at  12,000  RPM 
for  30  minutes.  Viral  proteins  present  in  the  pellet  (P)  and  supernatant  (S) 
fractions  were  separated  by  polyacrylamide-gel  electrophoresis,  transferred  to 
a  nitrocellulose  membrane  and  the  membrane  hybridized  with  polyclonal 
anti-B5R  sera.  P-pellet  fraction,  S-supernatant  fraction. 
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in  100  mM  sodium  carbonate,  pH  11.5,  revealed  a  dramatic  difference  in  the 
association  of  the  two  proteins  with  the  virion.  Whereas  the  association  of 
wild  type  B5R  with  the  virion  was  unaffected  by  incubation  in  alkaline 
conditions  (lane  4),  the  association  of  B5R-T  was  apparently  somewhat 
unstable  and  a  significant  percentage  of  this  protein  was  released  from  the 
virion  as  indicated  by  its  appearance  in  the  supernatant  fraction  following 
collection  of  the  virus  by  centrifugation  (lane  7).  These  results  demonstrated 
that  while  B5R-T  could  still  associate  with  the  virus  particle,  it  was  not 
associated  as  tightly  with  the  membrane  as  was  the  B5R  protein,  confirming 
that  the  carboxyl  hydrophobic  domain  of  B5R  (amino  acids  276-300) ,  which  is 
absent  in  B5R-T,  is  necessary  for  proper  anchoring  of  wild  type  B5R. 

Plaque  Size  and  Host  Range  Characteristics  of  RPVB5R-T 

Deletion  of  the  B5R  gene  product  has  been  shown  to  alter  the  plaque 
size  and  host  range  of  the  virus  (58,119,147,195,218),  (and  this  dissertation).  To 
measure  the  consequence  of  deleting  the  membrane  anchor  sequence  on 
these  characteristics  RPVB5R-T  was  tested  in  cell  culture  for  its  ability  to  form 
plaques  on  RK-13  and  CEF  cells,  which  are  permissive  and  non-permissive, 
respectively,  for  RPVAB5R.  The  results,  shown  in  Figure  31,  revealed  that 
RPVB5R-T  had  a  host  range  pattern  identical  to  that  seen  with  RPVAB5R  and 
was  able  to  form  plaques  on  RK-13  cells  but  not  on  CEF  cells.  In  addition  the 
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size  of  the  plaques  formed  by  RPVB5R-T  in  RK-13  cells  were  reduced  when 
compared  with  those  formed  by  wild-type  RPV,  again  a  pattern  noted  with 
RPVAB5R  on  these  cell  lines.  Evaluation  of  a  number  of  cell  lines  indicated 
that  RPVB5R-T  had  a  reduced  host  range  pattern  identical  to  that  observed  for 
RPVAB5R.  Hence,  the  presence  and  enhanced  secretion  of  the  B5R  protein 
fails  to  allow  wild-type  host  range  and  suggests  that  the  host  range  observed 
with  B5R  mutants  was  solely  a  function  of  failure  to  produce  the  membrane 
anchored  form  of  the  protein.  In  addition,  these  data  indicated  that  although 
the  B5R-T  protein  is  associated  with  the  virus  particle,  this  association  is 
apparently  non-productive  suggesting  that  the  activity  of  B5R  requires  firm 
anchoring  of  the  protein  in  the  virus  envelope. 

RPVB5R-T  is  Defective  in  Enveloped  Virus  Production  in  CEF  Cells 

The  ability  to  form  plaques  in  cell  culture  is  believed  to  be  dependent 
upon  the  production  of  the  enveloped  forms  of  virus.  The  failure  of 
RPVAB5R  to  form  plaques  in  CEF  cells  has  been  shown  correlate  with  and  is 
believed  to  result  from  an  inability  of  this  mutant  to  form  enveloped  virus  in 
these  cells  as  shown  in  chapter  three.  Since  RPVB5R-T  has  a  host  range 
identical  to  that  of  RPVAB5R  it  is  likely  that  this  new  mutant  also  suffers  the 
same  defect  in  morphogenesis  in  the  non-permissive  CEF  cells.  To  test  this, 
the  ability  of  RPVB5R-T  to  produce  virus  was  measured  in  permissive  (RK- 
13)  cells  and  non-permissive  (CEF)  cells.  3H-thymidine  labeled  virus  was 
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purified  from  permissive  and  non-permissive  cells  and  the  various  forms  of 
virus  were  separated  on  CsCl  gradients.  The  amount  of  each  type  of  virus 
produced  was  determined  by  quantitation  of  the  amount  of  3H-thymidine 
present  in  fractions  of  the  gradient.  The  results  of  this  experiment,  shown  in 
Figure  32,  were  as  predicted.   In  permissive  cells  (RK-13),  both  RPV  and 
RPVB5R-T  produced  identical  amounts  of  IMV  and  EEV,  however,  the 
mutant  produced  roughly  half  the  amount  of  IEV  as  that  produced  by  RPV. 
In  non-permissive  cells  (CEF),  while  both  viruses  produced  similar  amounts 
of  IMV,  the  mutant  was  completely  defective  in  its  ability  to  produce  the 
enveloped  form  of  the  virus.  These  results  are  identical  to  those  obtained 
from  similar  experiments  with  RPVAB5R  and  suggest  that  it  is  the 
membrane-bound  form  of  the  protein  that  is  necessary  for  proper 
morphogenesis  of  enveloped  virus. 

The  Behavior  of  RPVB5R-T  on  the  CAM 

The  similar  behavior  of  RPVAB5R  and  RPVB5R-T  in  cell  culture 
might  imply  that  it  is  only  the  membrane  bound  form  of  the  protein  which  is 
important  for  full  expression  of  RPV  virulence.  This  question  was  initially 
addressed  by  examining  the  pock  morphology  produced  by  RPVB5R-T  on  the 
CAM.  The  results  detailed  in  chapter  three  showed  that  RPVAB5R  produced 
white  pocks  on  the  CAM  in  contrast  to  the  red,  hemorrhagic  pocks  produced 
by  RPV.    Although  white  in  color,  these  pocks  do  not  contain  activated 
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heterophils  in  contrast  to  the  white  pocks  produced  by  RPV  mutants  of  SPI-2, 
a  virus  encoded  protein  known  to  be  involved  in  the  inhibition  of 
inflammation  (142,158).  To  determine  the  role  of  membrane  anchored  B5R 
in  pock  phenotype,  CAMs  were  infected  with  RPV,  RPVASPI-2  or  RPVB5R-T 
and  examined  for  pock  formation  72  hours  later.  The  results  are  shown  in 
the  upper  half  of  Figure  33.  Both  RPV  and  RPVASPI-2  behaved  as  expected, 
producing  red  and  white  pocks  respectively.  As  might  be  expected  from  the 
results  in  cell  culture,  RPVB5R-T  behaved  like  RPVAB5R  and  produced  white 
pocks  on  the  CAM,  and  these  pocks  appeared  similar  to  the  white  pocks  of 
RPVASPI-2.  The  results  from  the  previous  chapter  showed  that  the  white 
pocks  of  RPVASPI-2  and  RPVAB5R  differ  in  that  while  both  contain 
inflammatory  cell  infiltrate,  the  activation  state  of  the  heterophils  present 
within  these  pocks  is  different  as  determined  by  the  nitroblue  tetrazolium 
(NBT)  reduction  assay  (158).  To  further  compare  the  phenotypes  of  RPVAB5R 
and  RPVB5R-T,  the  ability  of  the  RPVB5R-T  to  reduce  formazan  was 
measured  and  is  shown  in  the  lower  half  of  Figure  33.  As  was  previously 
demonstrated,  the  white  pocks  generated  by  RPVASPI-2  reduced  NBT  to 
formazan,  turning  blue  in  the  process.  As  was  expected,  the  white  pocks  of 
both  RPVB5R-T  and  RPVAB5R  behaved  alike,  failing  to  turn  blue  when 
incubated  in  the  presence  of  NBT,  and  indicating  that  these  pocks  do  not 
contain  heterophils  in  an  activated  state.  These  results  show  that  on 
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the  CAM,  RPVB5R-T  behaves  in  a  manner  identical  to  that  of  RPVAB5R  and 
together  with  the  behavior  exhibited  in  cell  culture  suggest  that  it  is  the 
membrane  bound  form  of  B5R  alone  that  produces  the  wild-type  phenotype. 

The  Behavior  of  RPVB5R-T  in  Animals 

The  importance  of  the  membrane  bound  form  of  B5R  in  virus 
virulence  was  further  explored  by  ascertaining  the  ability  of  RPVB5R-T  to 
cause  illness  in  mice  and  rabbits,  the  two  animal  systems  we  commonly 
employ  to  evaluate  poxvirus  pathogenesis.  The  virulence  of  RPVB5R-T  was 
first  assessed  by  measuring  weight  loss  and  the  LD-50  of  the  mutant  in 
intranasally  infected  mice.  The  data  of  Figure  34  showed  that  mice  infected 
with  RPV  rapidly  lost  weight  in  a  dose  dependant  manner,  as  expected.  All  of 
the  mice  infected  with  RPV  in  this  experiment  died  as  a  result  of  the 
infection.  As  was  expected,  mice  infected  with  similar  amounts  of  RPVAB5R 
showed  little  if  any  weight  loss  and  few  signs  of  illness.  Similar  results  were 
obtained  with  the  RPVB5R-T  group  and  again,  no  mice  died.  As  was 
observed  in  cell  culture  and  on  the  CAM,  RPVB5R-T  behaved  in  a  fashion 
identical  to  RPVAB5R  in  the  mouse  model. 

Studies  have  shown  that  the  activity  of  several  poxviral  proteins 
involved  in  modifying  host  immune  responses  are  species  specific  (5,6,130). 
Since  RPV  is  most  virulent  in  rabbits,  the  possibility  was  considered  that  any 
activity  possessed  by  the  secreted,  truncated  B5R-T  might  be  species  dependent 
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and  therefore  most  apparent  in  rabbits.  The  data  in  Figure  35  and  in  Table  7 
show  the  results  of  an  experiment  in  which  rabbits  were  infected 
intradermally  with  virus  and  observed  for  the  development  of  symptoms  of 
infection,  as  has  been  described  earlier  in  this  dissertation.  As  previously 
shown  (Figure  17),  infection  with  RPV  caused  pyrexia  within  3  days  of 
infection  (Figure  35A)  and  ultimately  resulted  in  fifty  percent  lethality  within 
10  days.  In  addition,  these  animals  showed  many  of  the  expected  secondary 
signs  of  infection  (Table  7).  The  infection  of  rabbits  with  RPVB5R-T  (figure 
35C)  was  attenuated  and  gave  results  identical  to  those  obtained  from  the 
RPVAB5R  infected  animals  (Figure  35B).  Neither  RPVAB5R  or  RPVB5R-T 
infected  animals  developed  any  sign  of  pyrexia  during  the  course  of  the 
experiment.  As  was  noted  in  animals  infected  with  RPVAB5R,  a  small 
amount  of  induration  was  present  at  the  site  of  inoculation  in  RPVB5R-T 
infected  animals  early  in  the  infection  but  quickly  resolved  by  approximately 
10  days  post-infection.  In  addition,  these  animals  failed  to  develop  any 
secondary  signs  of  infection  in  contrast  to  what  was  seen  in  RPV  infected 
animals  (Table  7).  In  all  respects,  the  phenotype  displayed  by  RPVB5R-T  in 
rabbits  was  identical  to  that  of  RPVAB5R. 

Construction  of  Mutants  Producing  only  Membrane-bound  B5R  Protein 

While  the  results  obtained  with  RPVB5R-T  showed  that  the 
membrane-bound  form  of  B5R  is  necessary  for  the  proper  morphogenesis  of 
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the  virus  particle,  previous  work  in  cell  culture  has  shown  that  a  significant 
amount  of  B5R  protein  is  secreted  from  the  infected  cell  by  a  process  that  is 
independent  of  viral  morphogenesis.  Poxviruses  have  been  shown  to  secrete 
several  proteins  from  the  infected  cell,  many  of  which  share  homology  with 
proteins  involved  in  the  host  immune  response  and  which  have  been  shown 
to  interact  with  key  components  of  the  immune  system  present  in  the  serum. 
These  observations  led  to  the  speculation  that  the  secreted  form  of  the  B5R 
protein  might  also  interact  with  components  of  the  host  immune  system, 
altering  the  host  immune  response  to  the  viral  infection.  While  the  results 
of  chapter  three  showed  that  B5R  has  no  major  effect  on  inflammation  in 
infected  animals,  it  remained  possible  that  B5R  does  interact  with  other 
components  of  the  host  immune  system,  altering  the  hosts  response  to  the 
viral  infection  in  a  way  that  has  yet  to  be  discovered.  To  determine  if  the 
secreted  form  of  B5R  has  any  role  in  either  plaque  formation  in  cell  culture  or 
in  viral  virulence,  it  was  necessary  to  construct  a  mutant  virus  that  produced 
a  functional  45  kDa  membrane-bound  B5R  protein  but  which  was  unable  to 
produce  a  secreted  form  of  the  protein.  Previous  studies  from  this  laboratory 
have  shown  that  the  secreted  form  of  the  B5R  protein  is  generated  by  cleavage 
of  the  45  kDa  cellular  form,  presumably  at  the  cell  surface  (119).  The  strategy 
chosen  for  the  construction  a  non-secreting  mutant  was  based  on  the  premise 
that  deletion  or  alteration  of  the  cleavage  site  would  prevent  processing  of  the 
45  kDa  protein  and  would  therefore  prevent  production  of  the  secreted  form 
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of  the  B5R  protein.  To  eliminate  the  cleavage  site,  a  small  in-frame  deletion 
would  be  created  in  the  region  of  the  protein  predicted  to  contain  the  cleavage 
site.  Since  the  exact  location  of  the  cleavage  site  is  unknown,  several  mutants 
would  actually  be  constructed,  each  one  containing  a  unique  deletion, 
although  all  of  the  deletions  would  be  clustered  around  a  small  area  thought 
to  contain  the  actual  site  of  cleavage  (see  Figure  37).  A  caveat  to  this  strategy 
is  that  it  assumes  only  one  cleavage  site  and  further  it  assumes  that  no  cryptic 
cleavage  sites  will  be  utilized  in  the  absence  of  the  primary  site. 

Before  any  mutants  could  be  constructed,  it  was  first  necessary  to 
determine  the  location  of  the  B5R  cleavage  site.  An  approximate  location  for 
this  site  was  estimated  based  on  several  pieces  of  information  which  are 
summarized  and  illustrated  in  Figure  36.  Following  our  demonstration  that 
RPV  produces  a  secreted  form  of  B5R,  vaccinia  was  then  also  shown  to 
produce  a  38  kDa  secreted  form  of  B5R  (119)  although  initial  studies  failed  to 
detect  it.  The  detection  of  VV  B5R  in  these  initial  studies  relied  on  western 
blot  analysis  using  a  monoclonal  antibody  called  C-B5R  which  was  made 
against  a  14  amino  acid  peptide  corresponding  to  amino  acids  262-276  of  the 
B5R  protein  (Figure  36a).  The  fact  that  C-B5R  did  not  detect  the  secreted  form 
of  B5R  suggested  that  the  C-B5R  antigenic  sequence  is  not  contained  within 
the  secreted  protein  implying  that  cleavage  must  occur  upstream  of  amino 
acid  262.  To  test  this  hypothesis,  the  ability  of  C-B5R  to  detect  the  cellular  and 
secreted  forms  of  B5R  was  compared  to  that  of  a  polyclonal  anti-B5R  serum 
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which  has  been  shown  to  detect  both  forms  of  the  protein.  A  comparison  was 
made  by  performing  a  western  blot  analysis  on  duplicate  blots  containing 
RPV  infected  cell  extracts  and  supernatants  from  these  cells,  using  either  C- 
B5R  or  polyclonal  anti-B5R  serum  to  detect  B5R.  The  results  of  this 
comparison  confirmed  that  indeed,  C-B5R  fails  to  detect  the  secreted  form  of 
B5R  (Figure  36b).  The  polyclonal  anti-B5R  serum  detected  the  45  kDa 
membrane-bound  protein  in  the  cellular  fraction  (lane  3)  and  the  38  kda 
secreted  protein  in  the  supernatant  (lane  4)  as  expected.  However,  a  different 
pattern  of  detection  was  seen  when  the  C-B5R  mAb  was  used.  While  C-B5R 
was  capable  of  detecting  the  cellular  form  of  B5R  (lane  1),  it  failed  to  detect  the 
secreted  form  (lane  2)  confirming  that  amino  acids  262-276  are  not  contained 
in  the  secreted  form  of  B5R.  From  these  data,  it  can  be  concluded  that  the 
cleavage  site  must  be  located  upstream  of  amino  acid  262. 

The  data  obtained  so  far  only  excludes  a  small  region  of  the  protein  in 
which  the  cleavage  site  is  probably  not  located.  Further  estimation  of  the 
location  of  this  site  was  based  on  the  difference  in  molecular  weights  between 
the  various  forms  of  B5R.  Careful  measurement  and  comparison  of  the 
apparent  molecular  weights  of  the  cellular  and  secreted  forms  of  B5R 
revealed  a  difference  of  approximately  6.0  kDa.  Assuming  that  the  shift  in 
size  results  solely  from  removal  of  the  carboxyl  terminal  fragment  of  the 
protein,  this  difference  represents  removal  of  approximately  51  amino  acids 
from  the  carboxyl  end  of  the  45  kDa  protein,  placing  the  cleavage  site  at  aa  266. 
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A  similar  comparison  of  the  difference  in  molecular  weights  between 
secreted  B5R-T,  which  is  truncated  at  amino  acid  275,  and  the  wild-type 
secreted  protein  shows  that  B5R-T  is  approximately  1.7  kDa  larger  than  the 
wild-type  secreted  B5R  protein.  This  difference  translates  into  B5R-T  having 
approximately  14  additional  amino  acids  compared  with  the  wild-type 
secreted  B5R  protein.  By  counting  back  14  amino  acids  from  the  terminal 
residue  (amino  acid  275)  of  the  B5R-T  protein,  the  cleavage  site  was  predicted 
to  be  at  amino  acid  262.  From  the  combined  analyses,  the  cleavage  site  was 
estimated  to  be  located  around  amino  acids  262-266.  However,  because  of  the 
inherent  difficulty  in  accurately  determining  the  molecular  weight  of 
glycoproteins  by  PAGE  analysis,  it  was  recognized  that  the  actual  site  of 
cleavage  might  be  located  somewhere  upstream  of  amino  acid  262.  The 
majority  of  B5R  is  composed  of  the  four  SCR  domains  (approximately  60 
amino  acids  each)  which  extend  from  amino  acid  21  to  amino  acid  237.  Since 
it  was  thought  unlikely  that  the  cleavage  site  would  be  located  within  an  SCR 
region  it  was  hypothesized  that  the  site  of  cleavage  would  lie  between  amino 
acids  238  and  266,  a  region  that  will  be  referred  to  as  the  linker  region. 

Based  on  these  estimations  and  assumptions,  a  series  of  mutant  B5R 
genes  was  constructed  such  that  each  gene  contained  a  small  in-frame 
deletion  of  12-36  nucleotides  (corresponding  to  4-12  amino  acids)  within  the 
coding  sequence  for  the  linker  region  (Details  of  this  construction  are 
provided  in  Materials  and  Methods).  A  schematic  map  showing  the  location 
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of  the  deletions  in  these  mutants  is  shown  in  Figure  37 A  while  detailed 
information  about  the  actual  amino  acids  deleted  can  be  found  in  Figure  11  in 
the  Materials  and  Methods  chapter.  Individual  constructs  differed  in  the 
relative  location  of  their  deletion  which  were  designed  to  be  slightly  offset 
and  overlapping  between  the  various  mutants.  In  this  way  determination  of 
the  effect  of  deletions  throughout  the  entire  linker  region  could  be  made  by 
the  construction  of  only  a  few  mutants.  The  engineered  B5R  genes,  under 
control  of  the  native  B5R  promoter,  were  then  recombined  into  the 
thymidine  kinase  gene  of  RPVAB5R  resulting  in  a  series  of  mutants 
designated  RPVB5R:X  where  X  refers  to  the  region  covered  by  the  deletion 
within  the  B5R  gene  (diagrammed  in  Figure  37A).  As  a  control,  a  wild  type 
copy  of  the  B5R  ORF  was  also  inserted  into  the  TK  gene  resulting  in  a  mutant 
referred  to  as  RPVB5R:WT. 

The  mutants  were  analyzed  for  their  ability  to  produce  the  cellular  and 
secreted  forms  of  B5R.  Cells  were  infected  with  either  RPV,  RPVAB5R  (as 
controls)  or  one  of  the  RPVB5R:X  mutants  and  a  western  blot  analysis 
performed  on  cell  extracts  and  supernatants  from  these  cells.  The  results  of 
this  analysis  are  shown  in  Figure  37B.  As  expected,  a  45  kda  and  a  38  kda 
protein  were  detected  in  the  cell  and  supernatant  fractions,  respectively,  from 
RPV  infected  cells  (lanes  1  and  2).  These  proteins  were  absent  from  the  cell 
extract  and  supernatant  obtained  from  cells  infected  with  RPVAB5R  (lanes  3 
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and  4),  the  parent  virus  of  the  RPVB5R:X  mutants.  All  of  the  RPVB5R:X 
mutants  tested  produced  the  45  kDa  cellular  form  of  B5R  indicating  they 
contained  an  active  copy  of  the  B5R  gene.  It  was  noted  that  the  levels  of  B5R 
protein  observed  in  extracts  from  all  of  the  RPVB5R:X  infected  cells  was 
somewhat  reduced  in  comparison  to  the  levels  observed  in  RPV  infected 
cells.  However,  this  apparently  had  no  obvious  effect  on  the  efficiency  of 
cleavage  since  the  ratio  of  secreted  to  cellular  protein  in  RPVB5R:wt  and 
RPVB5R:G  appeared  similar  to  that  observed  for  RPV.  Although  all  of  the 
RPVB5R:X  infected  cells  produced  B5R  only  cells  infected  with  RPVB5R:WT 
(which  has  a  copy  of  the  wild-type  B5R  gene  inserted  into  the  TK  gene)  and 
RPVB5R:G  had  B5R  in  their  supernatants.  The  size  of  the  protein  secreted  by 
these  mutants  was  identical  to  that  of  wild-type  B5R  suggesting  that  the 
protein  was  being  cleaved  at  the  natural  cleavage  site.  Cells  infected  with  any 
of  the  other  recombinants  failed  to  secrete  the  B5R  protein  suggesting  that  the 
B5R  genes  contained  by  these  mutants  has  lost  their  cleavage  sites.  Based  on 
these  results  and  on  the  arguments  above,  in  can  be  concluded  that  cleavage 
of  B5R  is  likely  to  occur  between  amino  acid  239  (the  first  amino  acid 
downstream  of  SCR  IV)  and  amino  acid  261  (the  lysine  missing  in 
RPVB5R:G). 


Plaque  Size  and  Host  Range  of  B5R  Non-secretors 

Previous  work  has  shown  that  mutants  unable  to  produce  the  B5R 
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protein  or  which  produce  solely  the  secreted  form  of  B5R  have  a  reduced 
plaque  size  on  RK-13  cells.  In  addition,  such  mutants  are  unable  to  form 
plaques  on  CEF  cells  a  phenotype  that  correlates  with  and  is  presumably  due 
to  the  inability  of  this  class  of  mutants  to  produce  enveloped  virus  in  these 
cells.  The  experiments  described  above  examining  the  properties  of  RPVB5R- 
T  indicated  that  the  membrane  bound  form  of  B5R  is  necessary  for  normal 
plaque  formation  and  host  range  expression.  To  determine  if  the  secreted 
form  of  B5R  has  any  effect  on  plaque  formation  in  cell  culture,  the  ability  of 
the  non-secreting  mutants  to  plaque  on  RK-13  and  CEF  cells  was  determined. 
These  results  shown  in  Figure  38  (RK-13  cells)  and  Figure  39  (CEF  cells). 

On  RK-13  cells,  RPVAB5R  produced  plaques  smaller  in  size  (  Figure 
38b)  than  those  produced  by  RPV  (Figure  38a)  as  has  been  previously 
demonstrated.  Insertion  of  a  wild-type  copy  of  the  B5R  gene  into  the  TK  gene 
of  RPVAB5R  (RPVB5R:WT)  as  a  control  for  insertion  of  the  mutant  genes 
into  the  TK  site  resulted  in  the  production  of  plaques  similar,  although 
slightly  smaller,  in  size  to  those  produced  by  RPV(Figure  38c).  This  control  is 
necessary  since  all  of  the  RPVB5R:X  mutants  are  also  TK-  as  a  result  of  the 
construction  scheme.  When  tested  on  RK-13  cells,  all  of  the  remaining 
RPVB5R:X  mutants  produced  plaques  identical  to  those  produced  by 
RPVB5R:WT. 

The  ability  of  the  RPVB5R:X  mutants  to  form  plaques  on  CEF  cells  was 
also  tested  and  the  results  are  shown  in  Figure  39.  While  RPV  normally 
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Figure  39.  Plaque  formation  on  CEF  cells  by  the  RPVB5R:X  mutants.  CEF 

cells  were  infected  at  a  low  m.o.i.  and  overlaid  with  methylcellulose.  After 
four  days  of  incubation  at  37°C,  the  overlay  was  removed  and  the  cells  were 
stained  with  crystal  violet,  panel  a-RPV,  panel  b-RPVAB5R,  panel  c-RPV  TK(- 
),  panel  d-  RPVB5R:WT,  panel  e-RPVB5R:A,  panel  f-RPVB5R:B,  panel  g- 
RPVB5RC,  panel  h-RPVB5R:E,  panel  i-RPVB5R:G.  Plaques  are  shown  at  40X 
magnification. 
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forms  large  plaques  in  CEF  monolayers  (Figure  39a),  deletion  of  the  B5R  gene 
results  in  a  mutant  (RPVAB5R  )  which  is  unable  to  form  plaques  at  all(Figure 
39b)  on  these  cells.  The  ability  of  this  mutant  to  form  plaques  in  CEF  cells  was 
restored  by  insertion  of  the  B5R  gene  into  the  RPVAB5R  TK  gene,  although 
these  plaques  were  greatly  reduced  in  size  in  comparison  to  RPV  plaques 
(compare  Figure  39a  and  39d).  However,  the  plaques  produced  by 
RPVB5R:WT  were  identical  in  size  to  those  produced  by  an  RPV  TK-(  null 
mutant)  (Figure  39c)  which  were  also  much  smaller  then  wild-type  plaques. 
As  was  observed  in  RK-13  cells,  failure  to  secrete  the  B5R  protein  had  no 
effect  on  plaque  formation.  All  of  the  RPVB5R:X  mutants  produced  plaques 
in  CEF  cells  and  these  plaques  were  identical  in  size  to  those  produced  by  the 
RPV  TK(-)  virus. 

Pock  Morphology  on  the  CAM  in  the  Absence  of  Secreted  B5R  Protein 

Previous  work  has  shown  that  a  mutant  unable  to  produce  either  form 
of  B5R  (membrane  associated  or  secreted)  produced  a  white  pock  on  the  CAM, 
in  contrast  to  the  red,  hemorrhagic  pocks  normally  produced  by  wild-type 
virus.  Work  with  the  mutant  RPVB5R-T  also  showed  that  failure  to  produce 
the  membrane-bound  form  of  B5R  also  generated  white  pocks,  even  though 
these  mutants  overproduced  a  secreted  form  of  the  protein.  To  determine  the 
role,  if  any,  of  the  secreted  form  of  the  B5R  protein  in  the  production  of  red 
pocks,  the  pock  morphology  of  the  various  B5R  non-secreting  mutants  on  the 
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CAM  was  examined.  The  results  of  this  analysis  are  shown  in  Figure  40. 
Infection  of  the  CAM  with  either  RPV  (Figure  40b)  or  RPVAB5R  (Figure  40d) 
produced  the  expected  red  and  white  pocks,  respectively,  as  was  described  in 
chapter  three.  The  RPV  TK-  mutant  also  produced  red  pocks,  however  these 
pocks  appeared  less  red  than  the  RPV  pocks  (Figure  40c).  Insertion  of  the 
wild-type  B5R  gene  into  the  TK  gene  of  RPVAB5R  restored  the  ability  of  the 
RPVAB5R  mutant  to  produce  red  pocks  (Figure  40e)  as  expected.  Consistent 
with  what  was  observed  in  cell  culture,  failure  to  produce  the  secreted  form  of 
B5R  had  no  effect  on  the  viruses  ability  to  produce  red  pocks  on  the  CAM. 
All  of  the  non-secreting  mutants  produced  red  pocks  similar  to  those 
produced  by  RPV  TK(-). 

Discussion 

The  B5R  protein  of  RPV  exists  in  two  forms,  each  of  which  may  be 
assigned  to  distinct  and  seemingly  diametric  groups  of  viral  proteins.  One 
form  of  the  B5R  protein  is  a  45  kDa  membrane-bound  glycoprotein  found  in 
the  envelope  of  the  EEV  particle.  A  second  form  of  B5R  is  secreted  into  the 
supernatant  as  a  smaller  38  kDa  protein. 

The  membrane-bound  form  of  B5R  is  one  of  six  outer  envelope 
proteins  found  in  EEV.  A  feature  characteristic  of  all  but  one  of  these  proteins 
(the  hemagglutinin  protein)  is  that  while  they  are  not  necessary  for 


Figure  40.  Pock  morphology  of  the  RPVB5R:X  mutants.  11  day  old 

embryonated  chicken  eggs  were  inoculated  with  either  PBS  (panel  a),  RPV 
(panel  b),  RPV  TK(-)  (panel  c),  RPVAB5R  (panel  d),  RPVB5R:WT  (panel  e), 
RPVB5R:A  (panel  f),  RPVB5R:B  (panel  g),  RPVB5R:C  (panel  h),  RPVB5R:E 
(panel  i),  RPVB5R:G  (panel  j)  and  incubated  for  72  hours  after  which  time  the 
CAMs  were  removed  and  examined. 
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morphogenesis  of  IMV,  they  are  essential  at  least  under  some  conditions  for 
the  proper  morphogenesis  of  the  EEV  particle. 

The  secreted  form  of  B5R,  which  is  derived  from  the  45  kDa  form  by 
proteolytic  processing,  is  one  of  at  least  five  secreted  proteins  produced  by  the 
poxviruses.  A  characteristic  shared  by  many  of  these  secreted  proteins, 
including  B5R,  is  that  they  share  homology  to  proteins  involved  in 
regulation  of  the  host  immune  response.  In  many  cases  these  viral  proteins 
have  been  shown  to  interact  with  the  host  immune  system  in  a  manner 
predicted  by  their  homologies. 

The  existence  of  two  forms  of  the  B5R  protein  has  resulted  in 
speculation  that  each  form  may  have  a  unique  function,  however, 
assignment  of  a  unique  function  to  either  the  membrane-bound  or  the 
secreted  from  of  B5R  has  been  difficult  since  deletion  of  the  B5R  gene  results 
in  failure  to  make  either  form  of  the  protein.  To  explore  the  possibility  that 
the  individual  forms  of  B5R  may  each  have  a  unique  function,  mutants  were 
constructed  that  produced  either  the  membrane-bound  form  or  the  secreted 
form  of  B5R  but  not  both.  These  mutants  were  examined  in  cell  culture  and 
in  animals  to  determine  any  phenotype  associated  with  each  form  of  B5R. 

A  mutant,  referred  to  as  RPVB5R-T,  was  constructed  which  produces 
only  the  secreted  form  of  B5R.  In  this  mutant,  the  coding  sequence  for  the 
membrane  anchor  of  the  B5R  protein  has  been  removed.  As  a  result, 
RPVB5R-T  produces  a  truncated  40  kDa  B5R  protein  (referred  to  as  B5R-T) 
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which  lacks  the  membrane  anchor  region.  As  was  expected,  loss  of  this 
anchor  sequence  resulted  in  a  significant  increase  in  the  amount  of  B5R-T 
that  was  secreted  from  infected  CEF  cells  demonstrating  that  the  membrane 
anchor  normally  keeps  a  significant  portion  of  B5R  in  association  with  the 
cell.  Interestingly,  the  apparent  molecular  weight  of  B5R-T  was  unchanged 
upon  secretion  and  as  a  result,  the  secreted  B5R-T  protein  was  larger  than  the 
secreted  wild-type  B5R  protein.  The  difference  in  the  sizes  of  the  secreted 
forms  of  the  wild  type  B5R  and  the  B5R-T  proteins  was  not  a  result  of 
aberrant  glycosylation  since  it  was  shown  that  removal  of  the  sugars  from 
both  B5R  and  B5R-T  resulted  in  a  similar  shift  in  size  for  both  of  these 
proteins.  The  simplest  interpretation  of  these  results  is  that  the  site  at  which 
processing  normally  occurs  in  B5R  is  upstream  of  the  position  at  which  B5R- 
T  was  truncated  and  that  processing  does  not  occur  with  B5R-T.  The  results 
obtained  using  the  mAb  C-B5R  show  this  to  be  true.  One  would  then  also 
predict  that  the  B5R  protein  must  be  anchored  in  a  membrane  for  processing 
to  occur.  Coupled  with  the  observation  that  the  38  kda  form  of  B5R  is 
normally  found  in  supernatant  but  not  cellular  fractions  from  infected  cells, 
these  data  suggest  that  processing  of  B5R  occurs  on  the  cytoplasmic 
membrane.  A  major  caveat  of  this  work  is  the  failure  of  B5R-T  to  be  properly 
processed  to  the  correct  size  for  secreted  B5R  protein.  While  the  data  from  the 
non-secreting  mutants  support  the  idea  that  secreted  B5R  has  no  activity,  it  is 
entirely  possible  that  the  extra  amino  acids  on  the  secreted  B5R-T  protein 
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could  be  inhibiting  any  possible  small  amount  of  activity  this  form  of  the  B5R 
protein  might  possess. 

The  B5R  protein  has  been  shown  to  be  one  of  several  glycoproteins  that 
localize  to  and  are  anchored  in  the  membrane  of  the  EEV  particle.  This 
association  with  EEV  is  presumed  to  be  mediated  by  the  hydrophobic 
membrane  anchor  region  near  the  carboxyl  terminus  of  the  protein. 
Surprisingly  lack  of  a  membrane  anchor  failed  to  prevent  B5R-T  from 
localizing  to  the  EEV  particle.  It  is  possible  that  the  amino  acids  which  fail  to 
be  removed  from  B5R-T  and  result  in  the  unexpected  increase  in  size 
compared  to  the  wild  type  B5R  protein  are  responsible  for  this  retention; 
however,  there  are  no  further  data  to  support  this  hypothesis  at  the  moment. 
Nevertheless,  biochemical  analysis  revealed  that  the  nature  of  the  association 
of  the  truncated  protein  with  EEV  was  significantly  different  than  that  of 
wild-type  B5R.  While  wild-type  B5R  was  firmly  anchored  in  the  EEV 
envelope,  B5R-T  was  shown  to  be  loosely  associated  with  the  virion  and 
unlike  wild  type  B5R  could  be  removed  under  conditions  known  to  remove 
non-integral  membrane  proteins.  The  wild-type  B5R  protein  remained 
firmly  associated  under  these  same  conditions.  These  results  are  consistent 
with  B5R-T  lacking  a  membrane  anchor  with  which  to  properly  associate 
with  the  virion.  The  loose  association  of  the  truncated  protein  with  the 
virion  suggests  that  this  protein  may  be  binding,  not  to  the  membrane,  but  to 
one  of  the  other  EEV  glycoproteins.  It  is  likely  that  such  an  interaction 
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originates  in  the  trans-golgi  compartment,  where  EEV  glycoproteins  have 
been  shown  to  accumulate,  and  that  B5R-T  is  carried  to  the  virion  as  a  result 
of  this  association.   Indeed,  earlier  work  by  others  has  indicated  that  B5R  can 
be  co-precipitated  with  p37,  a  major  EEV  envelope  protein  (119).  A 
demonstration  of  the  ability  of  B5R-T  to  bind  other  proteins  in  a  manner 
analogous  to  wild-type  B5R  would  provide  further  evidence  that  removal  of 
the  membrane  anchor  has  not  significantly  altered  the  overall  structure  and 
properties  of  the  protein. 

In  cell  culture,  the  B5R  null  mutant  RPVAB5R,  which  is  unable  to 
produce  either  form  of  B5R,  has  a  smaller  plaque  morphology  on  RK-13  cells 
and  produces  no  plaques  on  CEF  cells.  When  RPVB5R-T  was  examined  in 
these  cells,  it  also  produced  small  plaques  on  RK-13  cells  and  failed  to  form 
plaques  on  CEF  cells  identical  to  the  pattern  observed  with  RPVAB5R. 
Furthermore,  investigation  of  the  cause  of  this  host  range  restriction  revealed 
that  this  mutant  failed  to  produce  enveloped  virus  in  CEF  cells,  a  phenotype 
identical  to  the  defect  observed  in  RPVAB5R  infected  CEF  cells.  Together 
these  results  indicate  that  the  membrane  bound  form  of  B5R  is  essential  for 
the  proper  morphogenesis  of  enveloped  virus  in  cell  culture.  It  is  interesting 
that  although  the  B5R-T  is  properly  trafficked  to  the  EEV  particle,  it  is 
functionally  inactive  in  the  sense  that  the  association  is  inadequate  to  allow 
EEV  formation.  This  result  suggests  that  the  B5R  protein  must  be  firmly 
anchored  in  the  envelope  for  proper  function. 
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The  pocks  produced  by  RPVB5R-T  were  examined  on  the  CAM,  and 
virulence  was  evaluated  in  both  mice  and  rabbits.  On  the  CAM,  RPVB5R-T 
produced  white-pocks  that  appeared  identical  to  those  produced  by  the 
RPVAB5R  mutant.  In  addition,  the  RPVB5R-T  mutant  was  attenuated  in 
both  mice  and  rabbits,  failing  to  cause  any  secondary  signs  of  infection,  as  was 
also  observed  with  RPVAB5R.  These  results  show  that  the  membrane  bound 
form  is  necessary  for  full  RPV  virulence  in  these  systems.  Given  the  defect  in 
morphogenesis  observed  in  cell  culture,  this  result  is  not  surprising.  Since 
RPVB5R-T  and  RPVAB5R  behave  identically  in  cell  culture  it  is  likely  that 
they  are  attenuated  for  the  same  reason,  most  likely  as  a  result  of  their 
inability  to  produce  enveloped  virus. 

To  determine  if  secreted  B5R  is  a  necessary  form  of  the  protein,  a  series 
of  mutants  was  constructed  in  which  each  strain  of  virus  contains  a  small 
overlapping,  in-frame  deletions  in  the  region  of  the  protein  calculated  to 
contain  the  cleavage  site.  This  region,  which  we  refer  to  as  the  linker  legion, 
is  located  between  amino  acids  238  and  260.  The  result  of  these  constructions 
was  several  mutants  that  produced  solely  the  45  kDa  form  of  the  protein  but 
which  were  unable  to  produce  the  secreted  form.  Based  on  the  outcome  of 
these  constructions  several  points  can  be  made.  First,  it  can  be  concluded  that 
the  region  encompassing  amino  acids  238-260  is  involved  in  proteolytic 
processing  of  B5R  since  deletions  anywhere  within  this  region  prevented 
processing.  It  is  unlikely  that  failure  of  the  protein  to  be  processed  is  simply 
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due  to  a  general  perturbance  of  the  protein  structure  since  deletions  within 
this  area  failed  to  prevent  processing  (see  the  data  for  RPVB5R:G).  It  can  also 
be  concluded  that  the  actual  site  of  cleavage  resides  upstream  of  amino  acid 
260  since  deletions  downstream  of  this  site  have  no  effect  on  cleavage. 
Additionally,  sequences  downstream  of  this  site  are  not  present  in  the 
secreted  form  of  B5R  providing  further  evidence  that  the  site  of  cleavage  is 
upstream  of  amino  acid  260.  Since  it  is  unlikely  that  the  processing  site 
would  reside  within  the  SCR  regions  (which  end  at  amino  acid  237),  it  is 
predicted  that  the  actual  cleavage  site  will  be  located  between  amino  acids  238 
and  260. 

Failure  to  secrete  B5R  had  little  effect  on  plaque  morphology  and  host 
range  in  cell  culture.  In  RK-13  cells,  non-secreting  mutants  produced  plaques 
similar  in  size  to  RPV,  although  these  plaques  appeared  slightly  smaller  than 
the  wild-type  plaques.  We  believe  that  this  somewhat  smaller  plaque  size  can 
be  attributed  to  the  fact  that  all  of  the  RPVB5R:X  mutants  lack  a  functional  TK 
gene.  Also,  all  of  these  mutants,  including  one  carrying  a  wild  type  copy  of 
the  B5R  ORF,  produce  lower  levels  of  the  B5R  protein  which  may  have  an 
effect  on  plaque  size.  Nonetheless,  all  of  the  non-secreting  mutants  produced 
plaques  identical  to  those  produced  by  the  recombinant  carrying  a  wild  type 
copy  of  the  B5R  ORF  confirming  that  the  secreted  form  of  B5R  has  no  effect 
on  plaque  production  in  this  cell  line.  In  addition  to  producing  wild-type 
plaques  on  RK-13  cells,  all  of  the  non-secreting  mutants  were  also  able  to 
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form  plaques  on  CEF  cells  although,  it  should  be  noted  that  these  plaques 
were  significantly  smaller  than  those  produced  by  RPV.  Again,  the 
differences  are  believed  to  result  from  interruption  of  the  thymidine  kinase 
gene  of  the  virus  since  the  small  plaques  produced  by  the  non-secreting 
mutants  were  identical  in  size  to  plaques  produced  by  RPV  TK  null  mutants. 
From  these  results  it  was  concluded  that  the  secreted  form  of  B5R  has  no 
significant  role  in  virus  replication  in  cell  culture. 

Similar  results  were  obtained  on  the  CAM.  While  RPVAB5R  has  been 
shown  to  produce  white  pocks  on  the  CAM,  insertion  of  an  ORF  encoding  a 
non-cleavable  B5R  protein  into  the  TK  gene  of  RPVAB5R  restored  the  ability 
of  RPVAB5R  to  form  red  pocks.  Again,  although  these  pocks  were  less  red 
than  those  produced  by  RPV,  this  was  attributed  to  interruption  of  the  TK 
gene.  This  result  shows  that  the  secreted  form  of  B5R  does  not  alter  the  host's 
response  to  the  virus  and  further,  this  protein  has  no  discernible  effect  in  this 
system. 

The  data  from  cell  culture  and  from  the  CAM  indicated  that  the 
secreted  form  of  B5R  has  no  detectable  activity  in  these  systems.  However, 
since  the  proteins  with  which  B5R  shares  homology  (complement  factor  H 
and  factor  C4b  binding  protein)  are  mammalian  proteins  that  are  involved  in 
the  complex  regulation  the  immune  system,  it  was  thought  that  the  secreted 
form  of  the  protein  might  have  some  activity  that  would  only  be  manifest 
during  infection  of  an  animal.  To  test  this,  the  RPVB5R:X  mutants  were 
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tested  in  mice  and  rabbits  for  their  ability  to  cause  disease.  It  was  only  after 
these  experiments  were  performed  that  the  TK  gene,  which  was  previously 
thought  to  be  a  non-essential  gene  in  RPV  and  was  therefore  used  as  the 
insertion  site  for  the  mutated  ORFs,  was  found  to  be  essential  for  virulence  in 
rabbits  and  mice.  All  of  the  RPVB5R:X  mutants  were  extremely  attenuated  in 
these  animals  including  RPVB5R:X  which  contains  a  wild  type  copy  of  the 
B5R  ORF  in  the  TK  gene.  This  severe  attenuation  was  also  shown  by  the  RPV 
TK  null  mutant,  indicating  that  the  attenuation  of  the  non-secreting  mutants 
could  be  attributed  to  the  TK  mutation  in  these  viruses.  As  a  result  of  this 
rather  ugly  fact,  conclusions  about  the  role  of  the  secreted  form  of  B5R  in 
animals  cannot  be  made  using  the  RPVB5R:X  mutants  described  here.  Such 
conclusions  will  have  to  wait  until  a  second  generation  of  these  mutants, 
which  will  have  the  mutant  ORFs  described  inserted  into  a  non-essential  site, 
are  available. 

In  summary,  the  work  presented  in  this  chapter  shows  that  although 
there  are  two  forms  of  B5R,  only  the  membrane-bound  form  appears  to  have 
any  function  in  cell  culture  and  in  virulence.  Failure  to  produce  membrane 
bound  B5R  results  in  a  cell  line-dependent  defect  in  the  morphogenesis  of 
enveloped  virus  as  well  as  attenuation  of  the  virus,  a  phenotype  identical  to 
that  observed  for  B5R  null  mutants.  In  contrast,  failure  to  produce  the 
secreted  form  of  B5R  had  no  effect  in  cell  culture  or  on  pock  morphology  in 
the  CAM.  As  a  result  of  this  work,  a  region  of  the  protein  has  also  been 
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identified  that  is  involved  the  processing  of  the  cellular  form  of  B5R  to 
generate  the  secreted  form  of  B5R.  This  information  will  prove  useful  in  the 
construction  of  B5R  mutants  and  may  provide  insight  into  the  interactions  of 
this  protein  with  those  of  the  host. 


CHAPTER  V 

SUMMARY,  DISCUSSION  AND  FUTURE  DIRECTIONS 

Summary 

The  poxviruses  have  evolved  to  exist  as  obligate  intracellular  parasites, 
and  therefore  rely  on  the  replication  "machinery"  of  the  host  cell  for 
propagation  of  the  viral  genome.  A  consequence  of  this  dependency  is  that 
the  viruses  are  constantly  in  danger  of  being  detected  and  eliminated  by  the 
host  immune  system.  The  survival  of  these  organisms  to  the  present  day 
suggests  that  they  have  evolved  methods  for  contending  with  the  host 
response  to  the  viral  infection  allowing  them  to  propagate  relatively 
unhindered.  In  recent  years  work  in  this  field  has  shown  that  the  poxviruses 
do  indeed  produce  several  proteins  that  are  capable  of  altering  the  host 
immune  response  (6,36,121).  An  interesting  feature  of  many  of  these  proteins 
is  that  they  share  homology  with  proteins  found  in  the  mammalian  immune 
system  suggesting  that  the  poxviruses  have  evolved  a  method  for  "capturing" 
host  genes  that  increase  their  survival  advantage.  Experimental  evidence  has 
shown  that  although  the  sequence  of  these  viral  proteins  is  usually 
somewhat  divergent  from  the  host  homologue,  they  frequently  retain  activity 


253 


254 

identical  or  similar  to  that  possessed  by  the  host  protein.  To  date,  examples  of 
such  viral  proteins  include  a  secreted  IL-16  receptor  (7,183,187),  a  secreted  TNF 
receptor  (97,178,182,204),  a  secreted  IFN-gamma  receptor  (130,131,194,205),  and 
a  secreted  complement  factor  C4b  binding  protein  (vC4b  bp)  (99,110,111). 
These  virus  encoded  proteins  have  all  been  shown  to  have  the  activity 
suggested  by  their  homology. 

The  product  of  the  B5R  gene,  which  is  a  45  kDa  glycoprotein  found  in 
the  envelope  of  the  EEV  particle,  has  homology  with  complement  factor  H 
and  the  C4b  binding  protein,  two  proteins  that  prevent  activation  of  the 
complement  cascade  (57,119,195).  Since  one  consequence  of  complement 
activation  is  the  elicitation  of  the  inflammatory  response,  it  was  theorized 
that  the  B5R  protein  might  affect  virus  virulence  by  inhibiting  complement 
activation  and  as  a  consequence,  inhibiting  the  host  inflammatory  response. 
The  feasibility  of  this  hypothesis  was  increased  with  the  discovery  that  a  38 
kDa  form  of  the  B5R  protein  is  secreted  from  the  infected  cell  suggesting  that 
it  might  interact  with  soluble  components  of  the  immune  system  in  a 
manner  similar  to  the  previously  described  vC4b  binding  protein  (110,119). 
The  present  work  was  undertaken  to  test  the  hypothesis  that  the  B5R  protein 
affects  virus  virulence  by  suppression  of  the  host  inflammatory  response. 
This  hypothesis  was  tested  by  construction  of  a  null  mutant  (RPVAB5R)  and 
analysis  of  this  mutant  in  cell  culture  and  in  animals.  In  addition,  the  role  of 
the  individual  forms  of  B5R  was  evaluated  by  construction  and  analysis  of 
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mutants  that  produced  either  the  45  kDa  membrane-bound  form  or  the 
secreted  form  of  the  protein  but  not  both. 

RPVAB5R  was  shown  to  be  severely  attenuated  in  both  rabbits  and 
mice  and  in  the  latter,  this  attenuation  was  shown  to  correlate  with  a  decrease 
in  virus  production.  Attenuation  of  this  mutant  was  initially  suspected  to 
result  from  failure  to  inhibit  inflammation  since  on  the  CAM,  in  contrast  to 
the  red,  hemorrhagic  pocks  produced  by  RPV,  RPVAB5R  formed  white  pocks 
similar  to  those  produced  by  CPVASPI-2,  a  mutant  known  to  be  crippled  in  its 
ability  to  inhibit  inflammation  (142,155,158).  More  specifically,  the  RPVAB5R 
white  pocks,  like  those  of  CPVASPI-2  and  unlike  those  of  RPV,  were  shown  to 
contain  a  large  number  of  heterophils  indicating  that  the  B5R  protein  is 
necessary  for  inhibition  of  inflammation  in  this  system.  While  these 
observations  seemed  to  offer  a  ready  explanation  for  the  attenuation  of  this 
mutant  in  animals,  further  analysis  of  the  behavior  of  RPVAB5R  revealed 
that  in  fact,  attenuation  occurred  independently  of  any  inflammatory 
response.  Histological  examination  of  the  inoculation  site  following 
intradermal  infection  of  rabbits  with  RPVAB5R  showed  that  unlike  what  was 
observed  on  the  CAM,  there  was  no  change  in  the  degree  of  inflammatory 
cell  infiltrate  in  these  tissues  when  compared  with  RPV  infected  tissues. 
While  a  mild  increase  in  the  level  of  neutrophils  was  observed  in  mice,  this 
increase  was  small  and  was  thought  to  be  too  insignificant  to  result  in  the 
dramatic  attenuation  observed  with  the  mutant.  The  non-involvement  of 


256 

inflammation  in  the  attenuation  of  RPVAB5R  in  mice  was  confirmed  with 
the  demonstration  that  inhibition  of  inflammation  by  injection  of  the  steroid 
dexamethasone  failed  to  increase  virus  yields  or  virus  virulence  in  RPVAB5R 
infected  mice.  Collectively,  these  results  show  that  while  deletion  of  the  B5R 
ORF  results  in  a  decrease  in  the  ability  of  the  virus  to  grow  in  animals 
resulting  in  attenuation,  this  defect  is  independent  of  the  host  response 
suggesting  that  it  is  innate  to  the  virus.  I  believe  that  the  simplest 
interpretation  of  this  data  is  that  while  B5R  may  have  some  small  influence 
on  inflammation,  the  severe  attenuation  of  RPVAB5R  is  fundamentally  due 
to  failure  of  the  mutant  to  spread  efficiently  from  initially  infected  cells  due  to 
a  B5R-related  defect  in  the  ability  of  this  mutant  to  produce  enveloped  virus. 
While  I  have  been  unable  to  obtain  direct  evidence  of  this  defect  in  animal 
tissue,  this  defect  was  characterized  in  cell  culture  and  will  be  discussed  below 
in  detail.  In  support  of  this  interpretation,  it  is  worth  noting  that  when 
animals  are  infected  with  a  RPV  null  mutant  of  SPI-2,  a  protein  which  is 
known  to  inhibit  inflammation,  the  resulting  symptoms  and  pathology  are 
nearly  identical  to  that  produced  by  RPV  (Brooks  and  Stern,  Manuscript  in 
preparation).  This  observation  suggests  that  inflammation  plays  only  a 
minor  role  in  combating  the  virus  infection  in  animals  and  demonstrates 
that  failure  to  suppress  inflammation  alone  does  not  result  in  the  severe 
attenuation  observed  with  the  RPVAB5R  mutant.  Such  severe  attenuation 
can  be  easily  accounted  for,  however,  by  failure  of  the  virus  to  replicate  and 
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that  viruses  failing  to  produce  the  membrane-bound  form  of  B5R,  but  still 
able  to  produce  the  secreted  form,  were  defective  in  morphogenesis  and  were 
also  attenuated.  Since  one  would  expected  that  it  is  the  membrane-bound 
form  of  B5R  that  is  involved  in  morphogenesis,  these  results  are  consistent 
with  a  defect  in  morphogenesis  being  responsible  for  attenuation  of  these 
mutants.  Finally  in  this  vein,  attenuation  has  been  shown  to  be  a  common 
feature  of  mutants  defective  in  the  production  of  enveloped  virus 
demonstrating  that  production  of  enveloped  virus  is  essential  for  full 
virulence  in  animals  (58,143). 

The  results  discussed  above  show  that  inflammation  is  not  involved 
in  attenuation  of  RPVAB5R  and  further,  are  strongly  consistent  with 
attenuation  of  RPVAB5R  being  attributable  to  an  innate  growth  defect  of  the 
mutant.  Although  attempts  to  demonstrate  such  a  defect  in  animal  tissue 
were  unsuccessful  due  to  the  enormous  technical  obstacles,  such  a  defect  was 
clearly  demonstrated  and  characterized  in  cell  culture.  Analysis  of  RPVAB5R 
in  cell  culture  revealed  that  the  B5R  protein  of  RPV  is  a  necessary  component 
in  the  production  of  enveloped  virus.  Failure  to  produce  B5R  resulted  in  a 
defect  in  enveloped  virus  morphogenesis  in  all  cells  although  the  effect  was 
more  pronounced  in  some  cells  than  in  others.  In  RK-13  cells,  RPVAB5R  had 
a  reduced  plaque  size  when  compared  to  RPV,  which  correlated  with  a 
decrease  in  the  amount  of  IEV  that  was  produced.  These  results  are 
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consistent  with  the  work  of  others  suggesting  that  it  is  IEV  that  is  responsible 
for  direct  cell  to  cell  spread  and  plaque  formation  (21).  In  CEF  cells,  RPVAB5R 
was  unable  to  produce  any  enveloped  virus  particles  and  was  unable  to  form 
plaques  on  monolayers  of  these  cells.  These  results  are  also  consistent  with 
the  work  of  others  showing  that  production  of  IMV  alone  is  not  sufficient  to 
produce  plaques  in  cell  culture  (20,21,55,177).  Collectively,  these  results 
demonstrate  that  B5R  plays  an  important  role  in  the  production  of  enveloped 
virus  and  in  fact  is  essential  for  this  process  in  some  cells.  In  this  regard,  the 
B5R  protein  is  similar  to  several  other  poxvirus  envelope  proteins,  such  as 
the  p37  and  p43-50  proteins  of  vaccinia,  which  have  also  been  shown  to  be 
essential  for  the  morphogenesis  of  the  enveloped  form  of  the  virus 
(20,143,177).  However,  B5R  differs  from  the  other  enveloped  proteins  in  that 
while  the  majority  of  these  proteins  are  absolutely  necessary  for  EEV 
production  regardless  of  the  cell  line,  the  necessity  for  B5R  varies  depending 
on  the  cell  line  used.  This  suggests  that  B5R  must  interact  with  a  host  protein 
to  carry  out  its  normal  function  making  it  unique  among  the  envelope 
proteins  and  suggesting  that  it  may  play  some  central  role  in  the  assembly  or 
transport  of  the  virion.  Investigations  into  the  fate  of  the  other  enveloped 
proteins  in  the  absence  of  B5R  in  permissive  and  non-permissive  cells  would 
be  revealing  in  this  regard. 

While  the  exact  role  played  by  B5R  in  virion  morphogenesis  is  unclear, 
a  possible  role  for  its  involvement  in  morphogenesis  can  be  proposed  using 
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the  following  observations  and  arguments.  First  in  RPVAB5R  infected  RK-13 
cells,  it  was  observed  that  there  is  a  dramatic  decrease  in  the  levels  of  IEV  but 
no  change  in  the  levels  of  EEV.  This  is  somewhat  surprising  considering  the 
currently  accepted  model  for  virion  morphogenesis  in  which  the  virus 
particle  progressively  matures  from  IMV  to  IEV  to  EEV  so  that  IEV  serves  as 
an  intermediate  between  the  other  two  forms  (128).  From  this  model,  one 
might  assume  that  alterations  in  the  production  of  IEV  should  result  in 
downstream  effects  on  EEV.  However,  the  data  presented  here  indicate  that 
this  is  not  necessarily  so.  If  one  assumes  the  current  model  for 
morphogenesis  to  be  correct,  then  a  viable  interpretation  of  these  data  is  that 
B5R  effects  the  rate  at  which  virions  either  enter  or  leave  the  IEV  stage  of 
morphogenesis.  I  believe  that  B5R  is  likely  to  affect  entry,  not  egress,  of 
virions  into  the  IEV  pool  based  on  the  following  observations  and 
speculation.  If  B5R  affected  egress  from  the  IEV  pool,  then  the  decrease  in 
IEV  observed  in  the  absence  of  B5R  would  indicate  that  virions  are  being 
moved  out  of  this  pool  faster  than  normal.  However,  this  would  result  in  an 
increase  in  the  level  of  EEV,  an  event  that  is  not  observed  in  these  cells.  This 
suggests  that  the  inability  of  RPVAB5R  to  produce  IEV  is  at  the  level  of 
production  of  this  form  of  virus.  Since  IMV  formation  is  apparently 
unaffected  in  RPVAB5R  infected  RK-13  cells,  this  suggest  that  the  defect  in 
morphogenesis  is  at  the  level  of  wrapping  of  the  IMV  particle.  The  results 
obtained  in  CEFs  are  consistent  with  this  interpretation,  since  the  lack  of  B5R 
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resulted  in  a  failure  to  produce  any  enveloped  virus  suggesting  that  B5R  is 
involved  in  the  earliest  steps  of  enveloped  virus  synthesis.  These 
observations  and  speculations  lead  me  to  hypothesize  two  separate  models 
for  the  involvement  of  B5R  in  enveloped  virus  morphogenesis.  The  first 
and  most  straight  forward  suggests  that  the  need  for  B5R  in  enveloped  virus 
formation  is  simply  as  a  structural  component  and  that  in  its  absence,  the 
wrapping  of  IMV  is  aberrant  and  non-productive.  In  this  model,  one  would 
have  to  assume  that  in  permissive  cells,  some  host  function  can  substitute  for 
B5R  allowing  IEV  production  although  somewhat  inefficiently.  In  non- 
permissive  cells,  this  protein  would  be  missing  resulting  in  an  inability  to 
produce  enveloped  virus.  While  this  model  has  simplicity  on  its  side,  it 
seems  unlikely  that  some  cells  would  fortuitously  produce  a  protein  that  can 
provide  B5R  function.  A  second,  more  complex  but  equally  valid  model 
involves  interactions  between  B5R  and  other  viral  proteins  and  one  or  more 
host  factors.  In  this  model,  B5R,  located  in  the  golgi,  would  play  a  central  role 
in  wrapping  of  IMV  to  form  IEV.  Since  in  the  absence  of  B5R,  IEV  production 
is  abolished  in  some  cells  but  can  occur  in  other  cells,  there  is  obviously  some 
B5R-host  factor  interaction  that  is  not  entirely  essential  for  morphogenesis. 
Based  on  this,  I  suggest  that  the  B5R-host  factor  interaction  is  not  the  key 
interaction  in  the  actual  mechanics  of  virion  wrapping  but  instead,  that  B5R 
facilitates  and  stabilizes  the  interaction  of  other  viral  envelope  proteins  with 
the  host  factor.  Further,  I  suggest  that  in  the  absence  of  B5R,  these 
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interactions  are  unstable  and  are  therefore  somewhat  inefficient,  the  result 
being  a  slow  production  of  IEV.  However,  I  believe  that  once  this  particle  is 
formed,  it  is  rapidly  shuttled  out  of  the  cell  to  yield  EEV,  hence  the  low  levels 
of  IEV  and  the  normal  levels  of  EEV.  An  assumption  of  this  model  is  that 
the  IEV  to  EEV  throughput  rate  is  fixed  and  that  normal  IEV  production 
exceeds  this  capacity  resulting  in  an  intracellular  store  of  wrapped  virus.  In 
non-permissive  cells,  the  host  protein  essential  for  this  interaction  is  either 
missing  or  it  is  significantly  different  from  its  homolog  in  permissive  cells 
that  its  interactions  with  virus  proteins  are  so  unstable  that  no  enveloped 
virus  is  made.  In  regard  to  this  model,  it  has  been  reported  that  B5R  can  be 
co-immunoprecipitated  with  p37,  another  virion  envelope  protein,  although 
the  specific  details  and  significance  of  this  interaction  are  not  known  (147). 
Still,  p37  is  known  to  interact  with  an  IMV  membrane  protein  called  pl4,  and 
this  interaction  is  apparently  essential  in  the  formation  of  enveloped  virus 
(165).  These  data  suggest  that  it  is  not  individual  membrane  proteins  but 
rather  complexes  of  these  proteins  that  are  important  in  the  morphogenesis 
of  enveloped  virus. 

The  results  obtained  from  infection  of  the  CAM  with  RPVAB5R  merit 
some  discussion.  As  has  been  mentioned  above,  the  white  pocks  produced  by 
RPVAB5R  on  the  CAM  were  similar  in  appearance  to  the  pocks  produced  by 
CPVASPI-2  (and  RPVASPI-2)  which  are  known  to  result  as  a  direct 
consequence  of  this  mutants  failure  to  inhibit  inflammation  (142,155,158). 
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This  result  indicated  that  B5R  does  indeed  play  some  significant  role  in  the 
inhibition  of  inflammation  even  though  no  significant  effect  was  observed  in 
infected  animals.  In  this  regard,  it  is  important  to  note  that  work  with 
RPVASPI-2  has  shown  the  effect  of  inflammation  on  virus  virulence  in 
animals  to  be  minimal  meaning  that  small  effects  of  B5R  on  inflammation 
may  be  missed.  In  contrast,  in  the  14  day  old  embryo  where  complement  and 
inflammation  are  the  only  host  defenses  available,  effects  on  inflammation 
are  likely  to  have  a  significant  impact  on  virus  replication  as  has  been  shown 
with  CPVASPI-2  and  RPVASPI-2.  To  determine  if  the  RPVAB5R  white  pocks, 
like  those  of  RPVASPI-2,  resulted  from  failure  to  inhibit  inflammation  a 
more  extensive  analysis  of  the  RPVAB5R  pocks  was  performed.  While  the 
results  showed  that  B5R  is  indeed  necessary  for  suppression  of  the 
inflammatory  response  in  the  CAM,  several  curious  observations  suggested 
that,  unlike  the  SPI-2  protein,  its  involvement  may  not  be  so  straightforward. 
Histological  examination  of  the  lesions  from  infected  CAMs  confirmed  that 
the  RPVAB5R  white  pocks,  like  those  of  RPVASPI-2,  contained  a  large 
number  of  heterophils  providing  direct  proof  that  B5R  is  indeed  necessary  for 
inhibition  of  the  inflammatory  cell  infiltrate.  However,  unlike  the 
heterophils  found  in  RPVASPI-2  pocks,  the  heterophils  present  in  RPVAB5R 
white  pocks  were  unable  to  reduce  the  chromogenic  substrate  nitroblue 
tetrazolium  (NBT).  Since  NBT  is  reduced  to  formazan  by  oxygen  radicals 
generated  by  activated  heterophils  within  the  pocks,  this  result  is  taken  to 


263 

mean  that  heterophils  found  within  RPVAB5R  white  pocks  are  present  in  an 
inactivated  state.  This  differs  significantly  from  the  RPVASPI-2  white  pocks 
in  which  the  heterophils  are  activated  as  determined  by  their  ability  to  reduce 
NBT.  As  was  mentioned  in  chapter  three,  the  migration  and  activation  of 
heterophils  are  two  distinct  events  that  occur  during  inflammation.  These 
events  have  been  shown  to  differ  in  their  response  to  different  soluble  factors 
or  to  different  concentrations  of  the  same  factor(s)  (126,170,171,179). 
Migration  of  these  cells  is  sensitive  to  relatively  low  levels  of  factors  (such  as 
leukotriene  B4or  platelet  activating  factor)  whereas  activation  requires  much 
higher  levels  of  these  same  molecules  presumably  as  a  safeguard  against 
activation  at  an  inappropriate  location.  In  addition,  activation  of  the 
oxidative  burst  phenomenon  can  also  be  triggered  by  the  initiation  of  the 
engulfment  process  by  these  cells.  In  view  of  this,  the  data  obtained  from  the 
CAM  was  interpreted  to  mean  that  either  (1)  B5R  normally  inhibits  the 
production  or  action  of  a  migration  specific  factor  or  (2)  that  the  inflammatory 
response  to  RPVAB5R  differs  from  that  generated  against  RPVASPI-2  only  in 
its  severity  meaning  that  RPVAB5R  fails  to  induce  a  significant  response.  The 
observation  that  vasodilation  of  blood  vessels  which  can  be  seen  in  RPV  and 
RPVASPI-2  pocks  is  absent  from  the  RPVAB5R  white  pocks  leads  me  to  favor 
he  second  of  these  hypotheses.  If  the  first  hypothesis  were  correct,  this  would 
mean  that  both  migration  and  vasodilation  must  be  under  control  of  a  single 
factor.  Since  several  factors  are  known  to  affect  these  activities,  I  think  it 
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unlikely  that  B5R  directly  inhibits  heterophil  migration.  Along  these  lines,  it 
should  also  be  noted  that  if  B5R  did  affect  inflammation,  one  would  expected 
it  to  do  so  by  preventing  the  generation  of  pro-inflammatory  factors  derived 
from  complement  components.  However,  since  these  molecules  are  also 
known  to  be  potent  stimulators  of  neutrophil  activation  (126)  it  is  unlikely 
that  B5R  inhibits  the  generation  of  complement-derived  mediators  of 
inflammation.  The  simplest  explanation  for  the  results  on  the  CAM  is  that 
infection  with  RPVAB5R  elicits  only  a  mild  inflammatory  response.  In  this 
view,  damage  from  the  infection  would  be  provide  enough  stimulus  to  cause 
heterophil  migration  to  the  site  but  not  enough  to  cause  detectable  activation. 
As  for  the  cause  of  this  limited  damage,  we  are  brought  full  circle  to  the  defect 
in  enveloped  virus  production  possessed  by  RPVAB5R.  Although  there  is  no 
proof  that  this  defect  occurs  in  the  CAM,  the  fact  that  the  CEF  cells  in  which 
the  defect  was  first  shown  come  from  chicken  embryos  makes  it  a  near 
certainty.  Failure  of  this  mutant  to  produce  EEV  in  the  CAM  would  result  in 
extremely  limited  spread  and  as  a  result  limited  damage.  This  is  sure  to  elicit 
some  inflammatory  response  although  again,  the  limited  stimulus  would 
produce  only  a  small  response.  Compounding  the  situation  would  be  the  fact 
that  only  the  initially  infected  cells,  and  very  few  others,  would  become 
infected  and  produce  virus  proteins,  meaning  that  the  local  concentration  of 
virus-encoded  anti-inflammatory  proteins  would  likely  be  lower,  possibly  too 
low  to  inhibit  inflammation.  Consistent  with  this  view,  inhibition  of 
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inflammation  in  the  CAM  with  dexamethasone  failed  to  convert  the 
RPVAB5R  pocks  to  red  indicating  that  although  an  inflammatory  cell 
infiltrate  was  present  in  the  white  pocks,  it  is  not  the  sole  or  even  the  primary 
cause  of  this  phenotype.  Since  the  red  color  observed  in  RPV  pocks  is  due  to 
hemorrhage,  these  results  can  be  interpreted  to  mean  that  even  in  the  absence 
of  inflammation,  RPVAB5R  fails  to  produce  enough  damage  to  cause 
hemorrhage.  In  the  absence  of  hemorrhage,  the  pock  appears  white  simply 
due  to  the  thickening  of  the  membrane  due  to  the  virus-encoded  growth 
factor.  Again,  the  most  consistent  explanation  for  all  of  these  results  is  a 
defect  in  enveloped  virus  production  due  to  a  defect  in  a  B5R  dependent 
pathway. 

The  work  presented  in  this  dissertation  has  shown  that  the  phenotype 
of  the  virus  is  altered  dramatically  when  it  is  no  longer  able  to  produce  either 
the  membrane  bound  or  the  secreted  form  of  B5R.  A  significant  finding  from 
this  work  is  that  the  activity  of  B5R,  at  least  in  cell  culture  and  in  the  egg 
system,  can  be  attributed  solely  to  the  membrane-bound  form.  Mutants 
unable  to  produce  secreted  B5R  but  producing  the  membrane-bound  form, 
displayed  a  phenotype  identical  to  that  of  RPV.  Conversely,  mutants  lacking 
the  membrane-bound  form,  but  producing  secreted  form,  were  identical  in 
phenotype  to  RPVAB5R.  A  caveat  that  must  be  kept  in  mind,  however,  is 
that  the  secreted  form  of  B5R  produce  by  RPVB5R-T  (which  does  not  produce 
membrane-bound  B5R  protein)  contains  several  extra  (approximately  20) 
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amino  acids  compared  with  the  wild-type  secreted  form  and  may  be  inactive 
as  a  result.  However,  the  fact  that  mutants  failing  to  produce  the  secreted 
form  behave  as  wild-type  virus  indicates  that  the  wild-type  secreted  form  has 
no  detectable  activity  at  least  in  these  systems.  While  mutant  viruses  that  fail 
to  produce  the  secreted  form  of  B5R  were  tested  in  animals,  the  results  were 
un-informative  in  regard  to  B5R  since  the  scheme  used  to  construct  these 
mutants  resulted  in  interruption  of  the  thymidine  kinase  (TK)  ORF. 
Empirically  derived  data  showed  that  deletion  of  the  TK  protein  resulted  in 
complete  attenuation  of  RPV  as  has  been  shown  for  vaccinia  virus  (34,196). 
As  an  interesting  aside,  it  should  be  noted  that  TK  null  mutants  also 
produced  small  plaques  on  CEF  cells  (which  are  primary  cells)  but  not  on 
other  cells  suggesting  that  primary  cells  in  culture  may  be  useful  for 
predicting  the  behavior  of  mutations  on  virus  growth  in  animals. 
Determination  of  the  role  of  B5R  in  animal  infections  will  have  to  await  the 
construction  of  new  mutants  in  which  only  the  B5R  ORF  is  affected. 
Assuming  these  results  agree  with  those  obtained  in  cell  culture  and  in  the 
egg,  they  should  prove  valuable  to  those  who  in  the  future  may  seek  to 
understand  this  protein  since  it  will  enable  them  to  construct  hypotheses 
based  on  the  activity  of  this  protein  occurring  on  the  membrane. 

If  these  results  are  correct  and  the  secreted  form  of  B5R  has  no  activity 
it  leads  one  to  wonder  why  this  protein  is  cleaved  to  produce  the  secreted 
form.  It  is  possible  that  progenitor  protein  for  B5R  contained  this  cleavage 
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site  for  some  purpose  and  the  cleavage  event  was  neither  beneficial  nor 
harmful  and  so  the  cleavage  event  remained  unaltered.  However,  if  this 
were  true,  one  might  expect  that  random  mutations  would  lead  to  different 
species  of  poxvirus  differing  in  their  sequences  in  the  region  around  the 
cleavage  site.  However,  alignment  of  the  region  predicted,  by  this  work,  to  be 
involved  in  cleavage  shows  that  the  B5R  proteins  from  the  various  viruses 
are  completely  conserved  throughout  this  region  implying  strong  selective 
pressure  in  favor  of  cleavage.  A  caveat  of  this  comparison  is  that  the 
alignments  shown  in  this  work  compares  only  the  closely  related 
orthopoxviruses  since  these  are  the  only  viruses  for  which  B5R  sequence  is 
available.  If  the  secreted  form  of  B5R  has  no  function,  why  is  the  cleavage 
event  selected  for?  Looking  at  this  puzzle  another  way,  one  could  argue  that 
it  is  not  generation  of  the  secreted  form  but  rather  removal  of  the  membrane- 
bound  form  from  the  surface  of  the  cell  that  drives  the  selection  of  this  event. 
On  the  question  of  why  this  would  be  advantageous,  two  possibilities 
immediately  come  to  mind.  The  first  is  related  to  the  fact  that  viral 
replication  occurs  within  the  cell  where  the  virus  remains  safely  hidden  from 
the  host  immune  system  for  a  period  of  time.  Viral  proteins  displayed  on  the 
cell  surface,  which  B5R  is  known  to  be,  reveal  the  presence  of  the  virus  to  the 
host  and  provide  antigenic  stimulation  for  the  immune  system.  The  obvious 
result  of  this  event  would  select  for  viruses  better  able  to  mask  their  presence 
by  restricting  the  amount  of  viral  proteins  that  are  displayed  on  the  surface. 
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A  second  possibility  is  that  B5R  located  on  the  infected  cell  surface  may  bind 
to  other  viral  proteins  and  keep  the  virus  particle  from  spreading  from  the 
primary  infected  cell.  This  would  restrict  the  virus  to  one  location  making  it 
easier  for  the  immune  system  to  eliminate  the  infection.  Again,  survival 
would  favor  viruses  that  are  able  to  spread  to  distal  sites  making 
neutralization  of  the  infection  more  difficult.  In  regard  to  the  latter 
possibility,  it  is  believed  that  the  B5R  protein  of  vaccinia  binds  to  the  EEV 
envelope  protein  p37  since  the  two  can  be  co-immunoprecipitated  (147). 

While  the  work  presented  here  has  demonstrated  the  effects  of  deleting 
the  B5R  protein,  it  still  leaves  the  open  the  grand  question,  namely,  what  is 
the  true  function  of  the  B5R  protein?  It  is  possible  that  the  only  role  for  B5R  is 
assisting  in  the  synthesis  of  enveloped  virus.  However,  I  find  this  answer 
unsatisfactory  for  several  reasons.  First,  the  possession  of  an  anchor  sequence 
and  sugar  moieties  by  B5R  indicate  that  this  protein  is  unlikely  to  function  as 
an  intracellular  protein.  Since  virus  assembly  is  an  intracellular  process,  I 
would  expect  proteins  whose  sole  purpose  is  to  aid  in  assembly  to  be  designed 
for  an  intracellular  existence,  which  clearly,  B5R  is  not.  It  is  possible  that  B5R 
aids  in  assembly  simply  by  its  presence  in  the  membrane,  acting  as  a  structural 
component  as  it  were.  However,  the  results  with  RPVAB5R  show  that 
apparently  perfectly  normal  virus  can  be  assembled  without  the  B5R  protein. 
In  addition,  the  strong  conservation  of  a  large,  highly  structured  extracellular 
domain  showing  homology  with  host  regulatory  proteins  of  specific  function 
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strongly  suggests  that  this  protein  has  been  acquired  by  the  virus  for  a  purpose 
other  than  simply  acting  as  a  girder  in  the  virus  particle.  Since  factor  H  is  an 
inhibitor  of  the  complement  system,  one  possible  explanation  is  that  the  B5R 
protein  acts  to  protect  the  EEV  particle  from  complement-mediated 
neutralization  which  would  be  consistent  with  the  activity  of  B5R  residing  in 
the  membrane  bound  form.  However,  the  absence  of  B5R  protein  from  the 
membrane  of  EEV  particles  had  no  effect  on  complement-mediated 
neutralization  of  these  particles  in  cell  culture  (Martinez-Pomares,  L. 
Personal  Communication)  ruling  out  this  possibility.  In  fact,  any  activity 
involving  the  regulation  of  complement  is  not  likely  based  on  recent  work 
mapping  the  inhibitory  activity  of  human  factor  H  (82).  This  work  reported 
that  the  first  three  SCR  domains  of  factor  H  are  necessary  and  sufficient  for 
the  inhibitory  activity  of  this  protein.  Since  the  homology  between  B5R  and 
factor  H  for  the  most  part  falls  outside  of  these  domains,  B5R  cannot  possess 
the  inhibitory  activity  of  factor  H. 

Since  B5R  is  located  in  the  membrane  of  the  EEV  particle,  another 
obvious  function  for  it  is  that  of  a  receptor.  Indeed,  comparison  of  the 
amounts  of  recoverable  virus  immediately  (<  one  hour)  following  intranasal 
infection  of  mice  with  RPV  or  RPVAB5R  revealed  that  the  disappearance  of 
RPV  is  greater  than  that  of  RPVAB5R  by  about  one  order  of  magnitude.  In 
addition,  the  growth  curves  observed  in  the  mouse  lung  seem  to  indicate  a 
delay  in  the  lag  phase  of  growth  during  which  attachment  and  entry  of  the 
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virus  occur.  These  observations  are  consistent  with  a  decreased  ability  of 
RPVAB5R  to  attach  to  and  /or  enter  cells  within  the  animal.  However, 
preliminary  studies  of  binding  kinetics  performed  on  purified  EEV  particles 
failed  to  reveal  any  difference  between  RPV  and  RPVAB5R  in  cell  culture  in 
either  permissive  or  non-permissive  cells  (data  not  shown).  While  these 
results  appear  to  rule  out  any  B5R-mediated  receptor  activity,  it  is  quite 
possible  that  the  cells  used  were  not  appropriate  and  might  be  lacking  the 
receptor  bound  by  B5R.  In  addition,  it  is  also  possible  that  any  receptor 
activity  possessed  by  B5R  might  require  some  soluble  host  protein,  such  as  a 
complement  component,  that  might  be  lacking  in  cell  culture.  It  would  be 
interesting  to  repeat  these  studies  using  a  wider  variety  of  cells,  including,  if 
possible,  primary  cells  obtained  from  the  mouse  respiratory  tract.  It  is  also 
possible  that  the  B5R  protein  is  involved  in  entry  of  the  virus  into  cells,  an 
activity  that  would  be  missed  in  binding  experiments.  This  is  thought  to  be 
unlikely,  however,  since  it  has  been  observed  that  the  appearance  and 
processing  of  viral  proteins  produced  by  RPVAB5R  in  cell  culture  appear 
normal  in  relation  to  RPV.  This  suggests  that  in  cell  culture  at  least,  the  entry 
of  RPVAB5R  into  cells  occurs  at  a  rate  equivalent  to  that  of  RPV.  Again  the 
use  of  different  cells  in  this  assay  might  reveal  a  difference.  I  personally  feel 
that  B5R  will  be  shown  to  have  some  type  of  receptor  activity  based  on  the 
conservation  of  the  SCR  domains.  Since  all  of  the  proteins  in  the  SCR  family 
show  some  type  of  binding  activity,  it  is  probable  that  the  SCR  structure 


constitutes  a  general  structure  for  binding  activity  while  the  amino  acids 
within  the  SCR  framework  determine  the  specificity  of  binding. 


Future  Directions 

While  this  work  has  provided  some  insight  into  the  role  of  the  RPV 
B5R  protein  in  virus  morphogenesis  and  virulence,  like  all  research,  it  has 
generated  many  new  questions.  Of  primary  importance  is  a  final 
determination  of  the  effect  of  B5R  on  inflammation  in  the  CAM.  While  I 
have  argued  that  the  increase  in  inflammation  observed  in  RPVAB5R  white 
pocks  occurs  as  a  secondary  effect  of  the  mutants  defect  in  enveloped  virus 
assembly,  I  have  no  firm  proof  of  this.  Since  the  effects  of  B5R  on 
inflammation  were  originally  predicted  to  occur  through  interactions  with 
complement  components,  it  would  be  informative  to  examine  the  pock 
morphology  of  RPVAB5R  on  CAMs  depleted  of  complement  by  treatment 
with  cobra  venom  factor.  The  presence  of  inflammatory  cells  within 
RPVAB5R  pocks  in  treated  CAMs  would  indicate  that  complement  is  not 
involved  in  the  inflammatory  response  and  would  provide  extremely  strong 
evidence  that  B5R  does  not  directly  affect  inflammation.  Along  these  same 
lines,  it  would  be  interesting  to  examine  the  pock  morphology  of  other 
mutants  that  are  defective  in  enveloped  virus  assembly.  If  failure  to  grow 
efficiently  is  truly  the  reason  for  the  white  pock  phenotype  of  RPVAB5R,  then 
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one  would  expect  these  other  mutants  to  also  produce  white  inflammatory 
pocks  on  the  CAM. 

A  second  area  demanding  further  investigation  is  the  involvement  of 
B5R  in  the  pathway  of  enveloped  virus  assembly.  I  have  predicted  that  B5R  is 
involved  in  the  wrapping  of  virions  and  that  deletion  of  this  ORF  affects  the 
rate  of  this  process  in  RK-13  cells.  Pulse  /  chase  experiments  comparing  the 
rate  at  which  IMV  from  RPV  and  RPVAB5R  infected  cells  is  converted  to 
enveloped  virus  might  be  used  to  test  this  hypothesis.  In  addition,  electron 
microscopy  of  RPV  and  RPVAB5R  infected  cells  with  special  attention  to  the 
presence  of  the  intermediates  in  morphogenesis  may  provide  some  insight 
into  how  B5R  affects  this  process.  Since  I  have  propose  that  B5R  may  play  a 
central  role  in  the  formation  of  enveloped  virus,  it  would  be  interesting  to 
examine  the  trafficking  of  the  other  envelope  proteins  to  see  if  they  are 
properly  incorporated  into  virions  in  the  absence  of  B5R.  Along  these  lines  it 
would  also  be  useful  to  test  if  B5R  co-immunoprecipitates  with  any  of  the 
other  virus  envelope  proteins  or  perhaps  even  host  cell  proteins  since  the 
host  range  properties  of  the  B5R  mutants  indicate  that  these  interactions 
must  surely  occur. 

Although  I  have  indicated  that  the  absence  of  B5R  protein  apparently 
had  no  effect  on  binding  activity  of  EEV,  these  studies  were  limited  and  for 
reasons  already  described,  I  feel  this  area  deserves  more  intensive 
investigation.  Again,  for  the  reasons  described  earlier,  it  would  be  interesting 
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to  repeat  these  studies  using  other  cell  types,  particularly  primary  cells  from 
the  respiratory  tract.  In  addition,  since  factor  H  is  thought  to  interact  with 
other  cellular  complement  components,  it  would  be  interesting  to  use  cells 
expressing  these  components.  Also,  my  preliminary  studies  into  this  area 
used  uninfected  cells  and  since  I  have  theorized  that  B5R  may  interact  with 
other  viral  proteins,  it  would  be  interesting  to  examine  the  binding  of 
RPVAB5R  EEV  particles  to  infected  cells. 

Much  of  this  work  has  been  based  on  the  homology  of  B5R  with  other 
proteins  containing  SCR  domains;  however,  there  are  no  data  available  as  to 
which  regions  of  the  protein  are  important.  The  construction  of  mutants 
lacking  one  or  more  of  the  SCR  domains  would  be  informative  in  this  area. 
In  addition,  it  would  be  interesting  to  test  the  effect  of  perturbing  the  SCR 
structure  by  changing  the  coding  sequence  at  amino  acid  sites  thought  to  be 
critical  for  the  SCR  structure. 

Finally,  while  this  work  has  identified  a  region  of  the  protein  involved 
in  cleavage,  it  would  be  interesting  to  localize  the  specific  cleavage  site.  This 
might  be  achieved  by  cloning  the  region  identified  as  important  in  cleavage 
into  another  membrane  protein  that  is  normally  not  cleaved  and  looking  for 
cleavage  of  this  hybrid  protein.  Subcloning  of  progressively  smaller  regions 
into  the  recipient  protein  would  eventually  isolate  the  minimum  sequence 
necessary  for  cleavage.  A  good  candidate  for  a  recipient  protein  is  the 
hemagglutinin  (HA)  protein  of  vaccinia.  The  HA  protein  is  a  membrane 
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protein  that  is  found  on  the  infected  cell  surface.  This  protein  is  not  normally 
cleaved  from  the  cell  and  in  addition,  its  hydrophobicity  plot  is  very  similar 
to  that  of  B5R  especially  near  the  anchor  sequence  meaning  that  there  is  a 
good  chance  that  the  environment  surrounding  the  transplanted  B5R 
fragment  may  not  be  so  dissimilar  as  to  prevent  cleavage. 

In  conclusion,  this  work  has  demonstrated  that  the  B5R  protein  of  RPV 
is  intimately  involved  in  the  pathway  of  enveloped  virus  production  and  is 
necessary  for  normal  virulence  of  the  virus.  The  evidence  presented  argues 
that  the  effects  of  B5R  on  virulence  are  through  its  involvement  in  virion 
morphogenesis  and  not  through  any  interaction  with  the  host  immune 
system.  Finally,  it  has  been  demonstrated  that  in  the  systems  tested  here,  the 
membrane-bound  form  of  B5R  is  sufficient  for  expression  of  B5R  activity. 
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